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VABSTRACT
Abundances of some volatile, siderophile, and lithophile elements 
have been determined in 50 ultramafic xenoliths of probable mantle origin.
The major element chemistry of the various phases in the lherzolites 
was determined with the electron microprobe. The trace elements Co,
Cr, Cu, Mn, Ni and Zn in olivine, and Co and Zn in spinel, were determined 
by Atomic Absorption Spectrometry,electron microprobe and spectrophotometer. 
Except for a wehrlite and three pargasite-bearing lherzolites, the mineral 
compositions are typical of the Cr-diopside Iherzolite group.
Temperatures of equilibration were calculated by four methods (Wood and 
Banno, 1973; Mori and Green, 1975; Herzberg and Chapman, 1976; Obata, 
1976). Lherzolites with coarse equant textures seem to have equilibrated 
at the lower temperatures (about 750-1050°C), relative to samples 
exhibiting other textures (about 1000°C-1300°C). Temperature correlates 
positively with MgO at a level of confidence of 99.95% i .e .  samples which 
have equilibrated at higher temperatures have also undergone greater 
degrees of partial melting than the lower temperature samples.
Bulk Si02, A1203, CaO and Na20 correlate negatively with MgO, and 
Cr203 correlates positively with MgO at a 95% level of confidence or 
better. FeO does not correlate with MgO at 95% confidence level. Co and 
Zn in olivine,and Zn in the olivine plus spinel fraction correlate 
negatively with MgO at a level of significance of at least 95%. Cr 
correlates positively (at 97.5%) with MgO in olivine; but a positive 
correlation between Ni and MgO, and a negative correlation between Mn and 
MgO in olivine were found only at  90% significance. In olivine, Cu does 
not correlate with MgO at 95% confidence level.
The modal abundance of clinopyroxene also correlates negatively with 
MgO in the bulk, at a level of confidence of 99.9%.
vi
Distribution coefficients for Co, Mn, Ni and Zn between olivine, or­
thopyroxene, clinopyroxene and spinel were found to be quite uniform: 
the relative standard deviations for olivine were less than about ±25% 
of the means both within, and between suites. Some of the distribution 
coefficients correlated positively with temperature.
The dispersions of major elements in the bulk peridotites, as 
measured by relative standard deviation (Sr) are: Si02, Sr(2a) = ±6.(3%;
A1203, Sr(2a) = ±105%; Cr203, Sr(2a) = ±92.2%; FeO , Sr(2a) = ±17.1%;
MgO, Sr(2a) = ±12.6%; CaO, Sr(2o) = ±97.6%; and Na20, Sr(2a) = ±175.2%. 
The dispersions of the trace elements in olivine are: Co, Sr(2a) = ±27%;
Cr, Sr(2a) = ±98%; Cu, Sr(2o) = ±111%; Mn, Sr(2a) = ±35%; Ni, Sr(2a) = 
±14.9%; and Zn, Sr(2a) = ±64%. Since zinc is concentrated strongly in 
the spinel phase, a combined olivine plus spinel fraction Zn concentration 
was calculated: Zn, Sr(2a) = ±53%.
^  I
The dispersions are found to be low on several scales of observation 
in relation to their geographical occurrence including the 10-100 km 
range, which is concluded to be a scale on which the combined operation 
of mantle convection plus diffusion in the presence of a basaltic liquid 
is inefficient as a homogenizing process.
A large part of the heterogeneity observed in these elements can be 
accounted for by analytical error combined with the effects of varyina 
degrees of partial melting of a primitive mantle. For example, a variation 
of 20% partial melting could explain the entire dispersion of nickel 
abundances in the samples. FeO, MgO and Co also have especially low 
dispersions.
Since the part of the dispersions of the compatible elements studied 
that cannot be readily explained by post-accretional processes is quite 
small, the uniform compositions must be a primary feature of the Earth's 
history, i .e .  due to the manner of accretion. The low dispersions are best
vi i
explained by the Homogeneous Accretion Model (Ringwood 1977a,b, 1979), 
according to which the Earth accreted in to  an i n i t i a l l y  homogeneous 
s tructure from an homogeneous mixture represented by two components, one 
a high-temperature, and the other a low-temperature m ateria l. Furthermore, 
th is  model involves oxygen as the l ig h t  element of the core, and so 
perhaps a higher oxygen fugacity in the upper mantle, which may explain 
the "overabundance" o f some siderophile elements, and the "high" Fe3+/Fe2+ 
ra t io  o f the upper mantle while allowing equilibrium between mantle 
s i l ic a te s  and the metal which sank to form the core.
The Single-Stage Model (Ringwood 1959, 1960, 1966a,b, 1975), and 
the Heterogeneous Accretion Theory, sensu s t r ic tu ,  (e.g. Turekian and 
Clark, 1969) both have d i f f i c u l t y  explaining the low dispersions, because 
both can only mix layers of d i f fe re n t  compositions by an in e f f ic ie n t ,  
physical mixing process - convection. In fa c t the stable s t r a t i f i c a t io n  
involved in the Heterogeneous Accretion Theory would make convective 
mixing even more d i f f i c u l t .  Although la te r  modifications o f th is  theory 
(Clark e t a l . ,  1972) allow fo r  the homogeneity of the upper mantle, i t
s t i l l  cannot answer a va r ie ty  of additional serious objections.
v i  i  i
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PART I
Characteristics of Ultramafic Inclusions and their  
bearing upon the Compositional Homogeneity of the Mantle
1CHAPTER 1. INTRODUCTION
A great volume of work has already been carried out on ultramafic 
inclusions in a lkali  basalts and kimberlites.
Some researchers (e .g. Ross e t  a l , 1954) have been impressed by 
the high degree of chemical uniformity of spinel and garnet lhe rzo l i te s .  
Maaloe and Aoki (1977) found similar  compositions for continental and 
oceanic lhe rzo l i te s .  Jagoutz e t  a l . (1979) obtained low dispersions for 
a wide range of elements in lherzo l i tes  tha t  were e i ther  "primitive" or 
"harzburgi t ic" , although they found a wide chemical variation in 
t rans i t ional  specimens.
Other workers (e.g. Harris e t  a l . ,  1967; Fisher et  a l . ,  1969;
Carter, 1970; Chen, 1971; and Hutchison e t  a l . ,  1975) concluded that  
variation in nodule chemistry between sui tes  implies that the mantle 
must be heterogeneous. Trace element and isotopic compositions of 
basalts also suggests tha t  the mantle is heterogeneous, especial ly with 
regard to the incompatible elements e.g.  Bailey (1978), Brooks and Hart 
(1978), Langmuir and Hanson (1978), Macdonald (1978), Morrison e t  a l . ,  
(1978), Schilling (1978), Vidal e t  a l . ,  (1978) and de Paolo (1979). There 
are several possible explanations for these heterogeneit ies: crustal
contamination, metasomatism, fractional  c rys ta l l iza t ion  or part ial  
melting e f fec ts ,  or primary heterogeneities in the source regions.
The aim of this  study is to examine the compositional heterogeneity 
of Iherzol i te  xenoliths and re la te  i t ,  i f  possible, to the degree of 
homogeneity in the primitive mantle, and the type of accretion (homogeneous, 
heterogeneous e tc . )  which was predominant during formation of the Earth. 
Major and trace element data was obtained by electron microprobe, AAS 
and spectrophotometric analysis for o l iv ine ,  orthopyroxene, clinopyroxene 
and spinel in 50 peridot i te  inclusions. Most of the samples are from
2Australia, one from U.S.A., one from Lesotho, three from France, and one 
from Germany. Three samples contain pargasitic hornblende, one is a 
wehrlite, one a garnet harzburgite, seven are harzburgitic, and the rest 
are spinel lherzolites.
Some workers have already examined the chemical variation of lherzolite 
xenoliths within a single area (Littlejohn and Greenwood, 1974) and between 
suites (Littlejohn and Greenwood, 1974; Hutchison et a l . ,  1975) by 
calculating relative standard deviations, or variance. But the two 
studies mentioned above were based on samples from restricted regions of 
the world: British Columbia (Canada) and France, respectively. Jagoutz
et a l . (1979) also calculated relative standard deviations for various 
major and trace elements in lherzolite xenoliths sampled from various 
locali t ies ,  although they presented data on only six specimens.
The elements studied were the major and minor elements Si, Ti, Al,
Fe, Mg, Ca and Na; and the trace elements Co, Cr, Cu, Mn, Ni and Zn.
An attempt was also made to apply a new analytical technique for 
determining Ge by AAS (Appendix II) .
These elements exhibit varying properties: Ni, Co, Cu and Ge are
siderophile; Ge, Zn and to some extent Na and Mn were probably volatile 
under likely conditions of accretion of the Earth (e.g. Ringwood and 
Kesson, 1977); Ni, Cr and Co have crystal/Iiquid partition'coefficients 
( i .e .  Kd = concentration of element in the solid/concentration of element 
in the melt) of greater than one, and like Fe and Mg they are compatible 
( i .e .  they readily remain within si l icate mineral structures under mantle 
conditions); Ge has a partition coefficient of about one, and will 
therefore not be fractionated during partial melting processes; Mn and 
Zn probably have Kd's slightly below one, and Al, Ca, Na and Cu lower 
again; Cu is chalcophile under some conditions ( i t  prefers sulphides to
3s i l ica te s ) .
Small variations in the degree of melting should not cause elements 
with crystal/l iquid partition coefficients close to or greater than one, 
to vary in the residuum so much as would the strongly magmaphile elements. 
Magmaphile, or incompatible elements, e.g. Ti, K, U and REE preferentially 
partition into liquids. I t  is for this reason that the dispersions of 
compatible elements were studied: the precise degree of melting need not
be known. If less than 30% melting has been involved in forming the 
depleted Iherzolites, then only modest changes will result in the 
composition of the xenoliths.
This study is divided into two sections. Part I attempts to justify 
the choice of ultramafic xenoliths as the best representatives of the 
upper mantle, and proceeds to describe the rocks and their likely origin. 
The descriptions include data on the dispersions of the compatible major 
and trace elements studied. Part II discusses the processes which led 
up to accretion of the Earth, the various accretion models themselves, 
and post-accretional processes. The dispersions of compatible elements in 
the mantle-derived rocks are then interpreted in the light of this 
background information.
Chapter 2 describes the chemical, mineralogical and textural 
characteristics of the f if ty  peridotites. Temperatures were also 
calculated by four different methods, as outlined in Appendix IV. The 
uniformity of distribution coefficients for Co, Mn, Ni and Zn between the 
four phases (presented in Chapter 2) indicates equilibrium between the 
minerals.
Some workers (e.g. Chen, 1971) concluded that the effects on a 
primitive mantle of partial melting, and varying degrees of depletion in 
basaltic components, could explain much of the chemical variation observed
4in mantle-derived ultramafic xenoliths. An attempt is made in this study 
to examine, for various major and trace elements, the possible contribution 
of partial melting processes to the observed dispersions.
MgO, a measure of degree of partial melting was plotted against the 
major oxides and trace elements, modal abundance of clinopyroxene, and 
temperatures and the data were tested for correlations. In those cases 
for which crystal/Iiquid partition coefficients are fairly well-known, 
the effect of varying degrees of partial melting on concentration of trece 
elements, was calculated according to two partial melting models ("batcli" 
melting and "fractional" melting).
Chapter 2 also reviews the origin of ultramafic inclusions, in order 
to show that they are probably derived from the upper mantle by varying 
degrees of partial melting of the primitive, undepleted peridotite 
followed by accidental incorporation in ascending basaltic magmas.
Chapter 3 examines in detail the dispersions of the major and trace 
u 14-rQma'fiC
elements in the 50 T-her^444e xenoliths. The relative standard deviations 
were calculated for several different scales of observation, in order tc 
find on what scale(s), homogenizing processes have been efficient. The 
contribution of partial melting plus analytical error to the observed 
dispersions is assessed.
The part of the dispersion that cannot be explained by partial 
melting effects, analytical error and metasomatism, may represent the 
degree of primary heterogeneity, that is, i t  may be due to the manner in 
which the Earth accreted.
Chapter 4 describes the physical and chemical processes which might 
have occurred in the primordial solar nebula. The way in which the solar 
system formed must have determined the manner of accretion of the Earth 
and other planets e.g. init ia l  conditions such as particle size can
5determine the rate o f in f a l l  to the central plane o f the solar nebula, and 
the ultimate scale on which heterogeneities could e x is t ;  impact and 
fragmentation, and accretion of bodies may i t s e l f  have been the most 
e ffe c t ive  mixing mechanism. Schmidt (1944, 1958) and Safronov (1954, 1972a) 
detailed the formation o f planets in the solar nebula. A thorough review 
of the subject is  provided by Ringwood (1979).
Estimates of the composition of pa rt ic les  from which the Earth 
accreted have made i t  possible to pred ic t the absolute abundances of 
elements expected in the mantle (e.g. Mason 1966a; Ringwood, 1966a).
The resu lts  have been compared with mantle composition derived hypothetica lly  
and on the basis of u ltram afic  xenoliths. This subject has been reviewed 
by Wy11ie (1970). Knowledge of the composition of the planetesimals fron 
which the Earth formed also enables estimation of the degree o f dispersion 
o f elements in the p r im it ive  Earth. Such an estimation is  s im p lif ie d  i f  
the Earth is  considered to accrete from ju s t  two components.
The various accretion models i .e .  the Homogeneous Accretion Hypothesis, 
the Single-Stage Model, the Heterogeneous Accretion/Nebular Condensation 
Theory, and possible "hybrid" models, are discussed in some de ta il in 
Chapter 5.
The absolute abundances o f s iderophile elements, in p a r t ic u la r ,  would 
have been severely depleted i f  iron metal and s i l ic a te s  were in equilibrium 
during core formation. Of course i f  the core accreted as a primary 
feature of a layered Earth, as in the Heterogeneous Accretion Theory, corte 
and upper mantle would not have been in contact. The process of core 
formation, and i t s  e f fe c ts ,  according to each of the accretion models, a-e 
summarized in Chapter 6, which deals with post-accretional processes.
Two other processes which occur a f te r  accretion, convection and d if fus ion , 
are relevant to discussion of the homogeneity of the Earth, since they are
6possible mechanisms o f homogenization.
F in a l ly ,  in Chapter 7, an attempt is  made to use the dispersions 
in fe rred fo r  the mantle, as a boundary condition fo r  the formation of the 
Earth. The consistency of each of the accretion models with the degree 
o f compositional heterogeneity observed in Ih e rz o l i te  xenoliths is 
assessed.
Appendix I describes the ana ly tica l techniques used, and Appendix I I  
deals with the attempted application o f AAS analysis o f Ge by hydride 
generation.
Sample lo c a l i t ie s ,  textures, and modal and chemical analyses are 
shown in Appendix I I I .
The methods by which temperatures were calculated and the actual 
resu lts  obtained are detailed in Appendix IV.
7CHAPTER 2. THE NATURE AND ORIGIN OF PERIDOTITE INCLUSIONS 
2.1 INTRODUCTION
The aim of this study is to constrain the nature of accretion during 
the Earth's formation by ascertaining qua l i ta t ive ly ,  the degree of mixing 
required to produce the observed homogeneity (or otherwise) of certain e le ­
ments in mantle-derived samples. In order to do this, i t  is necessary to 
have an estimate of the composition of the primitive Earth, so the e f fec t  of 
subsequent processes, e.g. part ia l melting and depletion, on homogeneity can 
be assessed.
There have been three main approaches to the estimation of the Earth's 
overall composition (Wyll ie , 1970):
1. Models of the origin of the solar system and planets, combined with 
extra te rres tr ia l  data.
2. Reconstruction from data on igneous rocks now found at the Earth's 
surface.
3. Geophysical data indicating the physical properties of the mantle, 
compared with experimentally determined properties of l ike ly  mantle 
materials.
The f i r s t  approach w i l l  be discussed in Chapter 4, which deals 
with chemical processes in the solar nebula. Ringwood ( 1977a,b, 1979) 
advocated the proposal that the Earth derived from a mixture of material 
resembling Cl chondrites with a high-temperature, reduced, devolat i l ized  
component. Mason (1966a) suggested that the mantle/crust system could be 
represented by the s i l ica te  part of a bronzite chondrite, and the core by 
the Ni-Fe metal plus t r o i l i t e  fraction.
In either case, the mineralogy of the resultant mantle is expected to 
be ultramafic.
8An u ltram afic  mantle is also supported by geophysical constraints e.g. 
seismic ve lo c ity  d is t r ib u t io n  and density with depth (e.g. B irch, 1964; 
W yllie , 1970; Ringwood, 1975; Meyer, 1977) and in fa c t  the mineralogy is 
re s tr ic te d  to some combination o f o l iv in e ,  orthopyroxene, clinopyroxene and 
garnet or spinel i . e .  p e r id o t i te  (o livine-pyroxene) and/or ec log ite  
(pyroxene-garnet). The same chemical composition could, w ith decreasing 
depth, change from ga rn e t-p e r id o t i te ,  to s p in e l-p e r id o t i te ,  to plagioclase- 
p e r id o t i te  (Ringwood, 1966b).
Ringwood ( 1966a) also used t h e -thH-rä-'1 pe tro lo g ica l1 approach to derive 
the composition of p r im it iv e ,  undepleted mantle p y ro l i te .  Partia l melting 
of p y ro l i te  y ie lds  a ba sa lt ic  magma and a re frac to ry  p e r id o t i t ic  residuum. 
The composition of p y ro l i te  must l i e  somewhere between the basa lt ic  magma 
and the residuum, and four main suggestions have been made: three parts
alpine p e r id o t i te  to one part Hawaiian o l iv in e  th o le i i te  (Ringwood, 1966a); 
99% Lizard p e r id o t i te  plus 1% nephelin ite  (Ringwood, 1975); 83% residual 
harzburgite plus 17% p r im it ive  oceanic th o le i i t e ;  a least fractionated high- 
temperature (T inaqu il lo )  Alpine p e r id o t i te  (Ringwood, 1975) and various 
lh e rz o l i te  xenoliths (Carter, 1970; Jagoutz et a l . ,  1979). The agreement 
between pyro l i tes  and some other hypothetical mantles and a mantle derived 
from Type 1 carbonaceous chondrites is good fo r  most major elements, especi­
a l ly  fo r  the high-temperature condensates. Hypothetical mantle pe rido tites  
have been reviewed by W yllie  (1970).
I f  u ltram afic  rocks are to be chosen to represent the upper mantle com­
pos it ion , and to show i t s  compositional va r ia t ion s , the question arises as 
to which type o f u ltram afic  is the most su itab le . In th is  study, u ltram afic  
inc lus ions, or nodules, found in both a lk a l i  basalt and k im berlite  hosts,
have been used. Other p o s s ib i l i t ie s  would have been layered in trus ions ;
High-iorrNperodure p^ r'iolöW^  (eg üza>d); («q. Sf.Tfciu/i Rocks)
a lk a l ic  complexes or kimberl i te s ; Al pine-type u ltram afics; oceanic rocksA.
9The reason why nodules were chosen in preference is that the other types 
have complexities associated with them that  make extrapolat ion o f  data back 
to the p r im i t ive  (undepleted) upper mantle more d i f f i c u l t  (Wyl l ie , 1970) e.g. 
some have cumulate o r ig in  (layered in t rus ions) ,  or are strongly fract ionated 
(k im ber l i tes ) ,  have undergone metamorphism and re in trus ion (Alpine-type 
p e r id o t i te s ) , or there is a lack o f  detai led information or samples (M.O.R. 
u l t ram a f ics ) . I t  is l i k e l y ,  however, that some pe r ido t i te  nodules have a 
cumulate o r ig in ,  and most are depleted in easi ly  fus ib le  components to vary­
ing degrees; and they are general ly metamorphosed, have re-equi l ib ra ted under 
d i f fe re n t  P-T condit ions, and show complex thermal h is to r ies .
Despite these problems, i t  is possible to d is t inguish mantle xenol i ths 
of non-cumulate nature, and to choose those which are re la t i v e ly  p r im i t ive  
and undepleted, so i t  is considered here that lh e rzo l i te  xenol i ths const i ­
tute su itable samples fo r  the purpose of th is  study.
White (1967) chose ult ramafic  nodules of  l h e r z o l i t i c  mineralogy (01 + 
Opx + Cpx ± Sp) as the best mantle representatives on the grounds that the 
most abundant type is the most p r im i t ive .  This assumes, however, that 
another, perhaps more p r im i t ive  type has not been sampled, but destroyed in 
t r a n s i t  to the surface. Kutol in and Frolova (1970) point out that the host 
exercises an aggressive inf luence on the nodule, and that orthopyroxene is 
the most susceptible. I f  transport  to the surface does involve select ive 
a l te ra t io n ,  then perhaps only the o l i v in e - r ic h  rocks are preserved, except 
where transport to the surface is more rapid. I f  that were true, then one 
would expect tha t  the proport ion o f  pyroxene- and sp ine l - r ich  nodules pre­
served in t h o l e i i t i c  magmas would be smaller than in a lka l i  basalts, as 
the former erupts less v io le n t ly  and travels at lower ve lo c i t ie s ,  due to 
smaller v o la t i le  content. This could ce r ta in ly  explain why o l iv ine  tho- 
l e i i t e s  contain mantle xenol i ths much less commonly than a lka l i  basalts
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(Ringwood, 1975). However, a survey o f data on nodules in t h o le i i t i c  mag­
mas in Hawaii (Jackson and Wright, 1970) shows tha t pyroxene- and sp ine l- 
r ich  inclusions are no less common there than in other lo c a l i t ie s .
Another c r i t ic is m  of the use o f lh e rz o l i te  xenoliths as mantle repres­
entatives is tha t they sample only re s tr ic te d  environments. However, the 
data of Maaloe and Aoki (1977) show tha t while there are some differences 
between samples derived from continental and from oceanic environments, they 
are not very great. P lo tt ing  oxide versus magnesia fo r  major oxides showed 
corre la tions in a l l  cases. The regression lines were of s im ila r  slopes and 
positions fo r  a l l  major oxides in Ihe rzo li te s  from both continental and 
oceanic environments. The worst case was CaO. Although the regression l in e  
fo r  CaO versus MgO in the continental samples was pa ra lle l to tha t derived 
from oceanic samples, the "con tinenta l" l in e  was roughly 30% lower. 
Furthermore, comparison of the compositions of lh e rz o l i te  xenoliths with 
ultramafics from some other environments e.g. Alpine-type pe r ido tites  shows 
an overall s im i la r i t y  (Ringwood, 1975, pp.106-107). The varia tions th a t do 
e x is t between ultramafics from d i f fe re n t  environments may be due, in any 
case, to e q u i l ib ra t io n  under d i f fe re n t  conditions.
Table 14 l i s t s  the lo c a l i t ie s  of the 50 p e r id o t i te  xenoliths analysed 
in th is  study. A ll are from continental environments.
2.2 MINERALOGY AND TEXTURE OF LHERZOLITE INCLUSIONS
On a world-wide scale lh e rz o l i te  is the most common type o f u ltram afic
nodule (Ross e t a l . ,  1954; Harris et a l . ,  1967; Hutchison et a l . ,  1975;
v
Ringwood, 1975; Wilkinson, 1975; W ilsh ire and Shernais, 1975; Frey and 
Prinz, 1978). There are, however, two main groups o f p e r id o t i te  nodule: 
the lh e rz o l i te  series is often referred to as Group I ,  the chrome-diopside 
or four-phase group; and Group I I ,  the w ehrlite  series, is also known as
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the Al-pyroxene, Ti-augite or three-phase group. Both groups contain 
olivine-rich and pyroxene rocks.
In Group I inclusions, generally the abundance of olivine »  orthopyro­
xene > chrome-diopside > garnet or spinel. Phlogopite and/or pargasitic 
amphibole are often present in Group I along with an in te rs t i t ia l  glass 
(Hutchison et a l . ,  1975; Frey and Prinz, 1978; Macrae, 1979). In Group II 
inclusions on the other hand, generally clinopyroxene > olivine > spinel > 
enstatite. This series also frequently contains minor apatite, kaersutite, 
plagioclase, titanomagnetite, ilmenite and rarely phlogopite and pargasite. 
Variation in modal mineralogy is much more variable in Group II than in 
Group I inclusions (Frey and Prinz, 1978).
Nearly all the samples examined here are typical spinel lherzolites, 
containing mainly olivine, and orthopyroxene, with smaller amounts of 
chrome-diopside and spinel. One sample, LBM-11, is a garnet harzburgite.
Sample 2680 is a rather unusual sample, containing clots of chrome- 
diopside with abundant pale yellow-brown glass, but no orthopyroxene. Un­
fortunately, no chemical analysis is available for the glass, which amounts 
to about 10% in the mode. Strictly speaking, 2680 is a wehrlite, although 
i t  does not seem typical of the wehrlite series, Group II xenoliths. It 
may be of cumulate origin, however.
Three samples 281, 288, and 293, from Lake Bullen Merri, Victoria, 
contain fairly abundant (4-11% in the mode) pargasitic hornblende. I t  is 
possible that these samples are cumulates, although the compositions of 
the minerals are more like typical Group I phases.
Phlogopite was detected in two specimens: traces in H97, from Mt. Emu, 
Queensland; and a single grain in 271, from Mt. Porndon, Victoria.
Partial melting is indicated by the small amounts of glass found in 
nearly all samples, though in some cases the veins were apparently injected
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from the host basal t .  However, in other cases the glass was probably i n t e r ­
nally derived. Many clinopyroxenes had "spongy" rims, due to incipient  
melting. Table 15 gives de ta i l s  of modal mineralogy of the 50 pe r ido t i te s .
Contacts with the host basalts are generally f a i r ly  sharp. The melt 
patches and veins close to the host contained, in some specimens, r ec ry s ta l ­
lized laths or needles of plagioclase,  and the glass in these cases tends to 
be of a pale yellow-brown colour, as opposed to the colourless,  in te rnal ly -  
derived glass.
Sample 2680, in which orthopyroxene is absent contains numerous large 
c lo ts  of such brown glass ,  and cl inopyroxene.
Inthin section, olivines are colourless, orthopyroxene a very pale 
neutral colour to pale grey-brown, chrome-diopside neutral to pale-green, 
and spinel red-brown to yellow-brown to chocolate brown. Many spinels have 
opaque black rims, and in some samples, the only opaques are tiny grains of 
black chromite and/or magnetite.
Modal variation in Group I xenoliths can be a t t r ibuted  largely to v a r i ­
ation in the degree of part ial  melting, and variation in metamorphic history, 
and exsolution and reaction (Donaldson, 1978). In some cases vein in jection 
at  a la te  stage may be an important factor .
Samples from Mt. Shadwell, Victoria (2658, 2659, 2660, 2661, 2663,
2665, 2670, 2675) appear to have had the largest  degrees of basa l t ic  melt 
removed: they have the smallest amounts of Cr-diopside remaining, and fa l l
in or near the spinel harzburgite f ie ld  on the peridot i te  composition t r i ­
angle (Fig. 1).
The textures of the Iherzol i te  series members imply a complex thermal 
h is tory ,  involving more than one metamorphic episode (Pike and Schwarzman, 
1977). There i s ,  however, a world-wide s im ila r i ty  in the i r  textures 
(Kutolin and Frolova, 1970) which fa l l  into one of several types: "coarse"
13
OLIVINE
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clfropyroxenite
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WebsteriteOrthopyroxe/ i te
CLINOPYROXENEORTHOPYROXENE
Fig. 1. Modal composition triangle for peridotites. Samples from
Mt. Shadwel1 (open triangles),  Lake Bullen Merri (open circles),  
Mt. Noorat (open squares), Tab!e Cape (solid squares),
Lietinna Rd. (solid triangles),  and other locali t ies (solid 
c i rc les) .
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textures both "equant" and "tabular" (Harte, 1977), also referred to as 
"protogranular" (Mercier and Nicolas, 1975), "granular" (Boyd and Nixon, 
1972, 1975; Nixon and Boyd, 1973; Boyd, 1973, 1974, 1975) and "a l1otriomor- 
phic-granular (Pike and Schwarzman, 1977); secondly, "porphyroclastic" 
(Mercier and Nicolas, 1975; Harte, 1977; Pike and Schwarzman, 1977) "f laser" 
(Cox e t  a l . ,  1973; Harte e t  a l . ,  1975) or "sheared" type (Nixon and Boyd, 
1973); th i rd ly ,  the "mosaic-porphyroclastic" (Harte, 1977), simply "mosaic" 
(Boulier and Nicolas, 1973, 1975) or "ca tac last ic"  (Pike and Schwarzman, 
1977) texture,  which is also included in both the terms "f laser" and 
"sheared". Finally, there is the "granuloblastic" type, with two subdivi­
sions "equant-granuloblastic" and "tabular-granuloblastic" (Harte, 1977), 
which are also known as "mosaic equigranular" and "tabular equigranular" 
(Mercier and Nicolas, 1975) or "equigranular mosaic" and "foliated" (Pike 
and Schwarzman, 1977) respectively.
Mercier and Nicolas (1975) suggest that  the porphyroclastic type is 
derived, by p las t ic  flow, from the protogranular, and that  subsequent recry­
s t a l l i z a t io n  may then yield the equigranular texture. They also observed 
t ransit ional  types between these texturesand i t  is possible that  the seq­
uence forms a cycle whereby equant-granulobiasti tes are transformed into 
coarse xenoliths , and so begin a secondary cycle. There i s ,  however, some 
doubt about the exact deta ils  of th is  sequence, and so the c la ss i f ica t ion  
of Harte (1977) is preferred here, since i t  avoids genetic implications.
In general,  inclusions from the same location are of the same textural type.
A correlat ion has been found for many garnet lhe rzo l i te s ,  between 
textural type and P-T conditions of equ il ib ra t ion ,  as defined by the min­
eral composition (Boyd, 1973; Boyd and Nixon, 1975; MacGregor, 1975; Boyd, 
e t  a l . ,  1976; Danchin and Boyd, 1976). The same may be so for spinel lher­
zol i tes  in alkali  basalts (Basu, 1977; Francis, 1978). Generally, the
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porphyroclastic rocks are found to have last equilibrated at depths greater 
than the coarse Iherzolites (O'Hara et a l . ,  1975; Meyer, 1977), although 
Varne (1977) found higher temperature and pressure for members of the coarse 
group. In some cases, no correlation at all is found (Dawson et a l . ,  1975).
A majority of the xenoliths examined here are the coarse equant type 
but some members of the other groups were also found (Table 15, Appendix IV). 
Many of the pyroxenes contain exsolution lamellae of pyroxene or spinel; 
and except where recrystallization has removed the strain, kink bands are 
generally present in olivine, and to a lesser extent, in orthopyroxene. 
Orthopyroxene commonly encloses olivine, producing a poikil it ic  texture. 
Twinning of pyroxenes was observed in a few cases. In nearly all samples, 
spinel inclusions were found within large olivine grains, suggesting that 
most of the coarse textures are secondary, rather than primary. Grainsize 
of olivines ranged up to about 5mm diameter, although most coarse textured 
xenoliths were close to 3mm diameter. In the finer grained granuloblast- 
i tes,  the grain diameter was as small as 0.3mm (olivine), but the average 
was close to 1mm.
The samples generally fit ted the descriptions given for typical rep­
resentatives of the various textures (e.g. Mercier and Nicolas, 1975).
2.3 CHEMISTRY OF LHERZOLITE INCLUSIONS
As previously mentioned there are two main groups of peridotite nod­
ule, Group I (the lherzolite series) and Group II (the wehrlite series). 
There are several differences in the chemistry of the two types of inclu­
sion. Chemical analyses for 50 peridotite xenoliths are presented in 
Tables 16-21. Minerals in Group I xenoliths generally have a higher lOOMg/ 
Mg+LFe ratio (the range is 87.7 to 94.2 in s il icate minerals in the
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lherzo l i tes  studied here) compared to Group II s i l i c a t e  minerals (<85.0).
NiO is generally higher in Group I olivines (mean for 50 samples here is 
3,764ppm). Pyroxenes tend to have higher Cr20 3: the orthopyroxenes, usu­
a l ly  e n s ta t i t e  (Fig. 2), vary from below the l imit  of detection (.08%) to 
0.57%, with a mean value of 0.30%; and clinopyroxene, chrome-diopside (Fig. 
2), ranges from 0.46 to 2.45%, mean 1.02%. Likewise, Na20 tends to be 
greater in Group I pyroxenes, but in orthopyroxenes this  oxide is below the 
l im i t  of detection (.10%). Clinopyroxene, on the other hand, varies from 
0.44 to 2.43%, mean 1.27% Na20. Group I pyroxenes tend to have lower Ti02 
(orthopyroxene below the l im it  of detection; clinopyroxene from below the 
detection l imit  to 0.57%, mean 0.18%), lower FeO (orthopyroxene 4.72 to 
7.62%, mean 5.97%; clinopyroxene 1.83 to 3.75%, mean 2.47%), and lower A1203 
(orthopyroxene 0.54 to 6.48%, mean 3.29%; clinopyroxene 1.28 to 7.92%, mean 
4.77%). The pyroxenes have f a i r ly  re s t r ic ted  compositions in these Iherzo- 
l i t e  samples for the above elements. Clinopyroxene does not vary great ly 
in CaO either,  ranging from 17.63 to 23.91%, with a mean of 21.22% (Fig. 2). 
The uniform chemistry of Group I lherzo l i tes  contrasts  Group II .  Olivine, 
generally the most abundant s i l i c a t e  phase is re s t r ic ted  in composition to 
between Fo92. 2 and Fo87>7 in these samples, and a similar range in the l i t ­
era ture.
Group I spinels usually show a higher 100Mg/Mg+lFe ra t io  (46.3-78.3, 
mean 73.3 in these samples) than Group I I .  The range in this  case is 
greater  than that  generally found (73 ± 3) owing to four "anomalous" sam­
ples (see Fig. 3). One of these is sample 2680, in which no orthopyroxene 
is present, and which contains large clots  of brown glass and clinopyroxene. 
All spinel in this  case appears as tiny black opaque blebs. Spinel is l ik e ­
wise not found in i ts  usual red-brown form in the other three specimens,
281, 288, 293, all of which contain f a i r ly  abundant pargasi t ic  hornblende.
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Fig. 2. Pyroxene composition q u a d r i la te ra l,  showing compositions of 
clinopyroxene and orthopyroxene from the p e r id o t i te  nodules. 
Isotherms based on pyroxene geothermometer, a f te r  Mori (1976).
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Sample 2680 also has higher Fe203, FeO, T i02, Cr203 and lower MgO, and 
Al 203 than the other samples. The other three samples show s im ila r  d i f f e r ­
ences when compared to the common sp ine ls, but the discrepancies are not 
nearly so great. A1203 and Cr203 vary greatly  (but sympathetically) in 
the spinels. The range of A1203 is 10.17-59.71% (the mean is 46.9%) and 
fo r  Cr203, 8.01-55.65% (mean 21.2%). T i02 varies from below the l im i t  of 
detection (0.07%) to 1.04% ( in  sample 2680). Group I I  spinels generally 
have higher Cr203 and lower A1 203 and T i02. Figure 3 shows the va r ia t ion
of Cr/Cr+Al and Fe3+/Cr+Al+Fe3+ with Mg/Mg+Fe2+ in sp inel. Both of the
2 +ra t ios  corre la te  negatively with Mg/Mg+Fe . This is not, however, a par­
t ia l  melting trend, but is the re s u lt  o f small changes in the Mg/Fe ra t io  
o f o l iv in e  which is in equil ib r ium  with spinel ( I r v in e ,  1965). The diagram 
also compared the composition of spinels from lh e rz o l i te  xenoliths with 
those from other environments, based on the resu lts  of th is  study and the 
data of Irv in e  (1967).
The differences between lherz o l i te  and w ehrlite  series mineral chemi-
A
s try  has been discussed in greater de ta il by Wilkinson (1975) and Frey and 
Prinz (1978).
There is some evidence to suggest tha t garnet lh e rzo li te s  in kimber­
l i t e  hosts d i f f e r  chemically from spinel lh e rzo l i te s  in that they may, on 
the average, have lower FeO and higher CaO, A1203, MgO and NiO, although 
there is almost ce r ta in ly  an overlap in these ranges (Reay, 1965; Forbes 
and Banno, 1966; Harris et a l . ,  1967; O'Hara et a l . ,  1975). NiO, fo r  in ­
stance, shows an average value of about 4000ppm in the l i te ra tu re  fo r  gar­
net lh e rz o l i te s ,  compared with about 3700ppm fo r  spinel lh e rz o l i te s .  Like 
spinel lh e rz o l i te s ,  some garnet lh e rzo l i te s  are "depleted", and some are 
" f e r t i l e "  re la t iv e  to p y ro l i te  (Hutchison et a l . ,  1975). Perhaps some 
differences observed between the two groups are simpl'e due to d i f fe r in g
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Fig. 3. Spinel compositions: e ^Cr+Al+Fe' versus ^Mg+EFe and
WCr+Al versus ^9/Mg+EFe2+ for spinels from the peridotite  
nodules. Open circles represent pargasite-bearing Ih e rzo l ite ,  
closed triangles the wehrlite , and closed circles the rest. 
PFeW-Gm r ig h t  of dashed -li-fle-rcpres-ents compos it -fen- a f  chro- 
mtte-from- stratiform  compl exes-fir-vt-iaes- 19&Z.). Chromi tes 
from alpine type peridotites have compositions similar to the 
nodules analysed here. Field on right o-f fine, in G- /Cr+Pi l
VS hflg /P O g -r^ F e 2' o j\d  -fizld or\ le-f-b £rf dashed l ine in
Fe.3 + / Or 4 P\ ( t  fe vs nOg /po^-d dl(qg ra m  hepresentr compos)~hcv\
of c h ro m ite  -fem  id m -h  -fcrnn c&nnpL^es ( l r v i h e ) \°Ul)
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proportions o f depleted samples contained in each class. Some of these 
differences probably re f le c t  d i f fe re n t  depth of o r ig in .
Sample LBM-11 is the only garnet-bearing u ltramafic analyzed in th is  
study. I t  is ,  in fa c t ,  a garnet-harzburgite. LBM-11 o l iv in e  and ortho­
pyroxene have the lowest FeO and the highest Si02 and 100Mg/Mg+ZFe ra t io  
o f the 50 samples; clinopyroxene has the highest Si02 and Cr203.
2.4 DEPLETION OF THE PRIMITIVE MANTLE
I t  has already been mentioned tha t a corre la t ion  has been observed 
between texture-type and mineral composition, both in garnet and spinel 
Ih e rz o l i te s ,  which has led to the widely held opinion that sheared, or 
porphyroclastic pe rido tites  are more p r im it ive  and undepleted than those 
with coarse, or granular textures (Ringwood, 1966a; Boyd and Nixon, 1972, 
1973; O'Hara et a l . ,  1975; Meyer, 1977; Shimuzu and A llegre , 1978).
"Depleted" means tha t basa lt ic  components, i . e .  more eas ily  fu s ib le  
oxides, have been removed. Most nodules are t ra n s it io n a l between pr im i­
t iv e  or undepleted lh e rz o l i te  and a depleted harzburg it ic  group (Jagoutz 
et a l . ,  1979). Depletion by p a rt ia l melting resu lts  in removal o f cl ino­
pyroxene (F ig. 4) and garnet or sp ine l, leaving o l iv in e  and orthopyroxene- 
r ich  rocks; the e f fe c t  on the chemistry of the rocks is depletion o f A I2O3, 
CaO, Na20, K20, FeO and T i0 2 - MgO, which is enriched in more depleted 
samples, is a good ind ica to r o f degree p a r t ia l  melting ( 100Mg/Mg+EFe is 
also frequently used), and i t  should corre la te  negatively with the other 
oxides l is te d  above (Chen, 1971; Hutchison et a l . ,  1975; O'Hara et a l . ,  
1975; Frey and Prinz, 1978). On the other hand, because NiO is enriched 
in residual so l ids , i t  should corre late p o s it ive ly  with MgO (Chen, 1971; 
Fleet et a l . ,  1977). In addition to trends fo r  these oxides, Chen (1971) 
found tha t the most undepleted samples contained the highest amounts of
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MnO, Sr and Zn.
Bulk S i02 » FeO, A1 20 3 3 Cr203 , CaO and Na20 were p lotted against MgO 
fo r  the 50 lh e rzo l i te s  (F ig. 5). In add it ion , Co, Cr, Cu, Mn and Ni in 
o l iv in e  versus MgO in o l iv in e  were p lotted (F ig. 6). Figure 6 f shows MgO 
in o l iv in e  p lo tted against the amount o f zinc contributed to the whole rock 
by o l iv in e  and spinel combined. Correlation coe ff ic ien ts  were also ca lcu l-
' 0p g ^ 5 \^ lon s 3  <z cxrx^  2 ' 3 u / i + K .  eJuiXYiJiyJb cU s  p^e^/öViS <cmd show n ('n " fV
aced,^ For most o f the elements analyzed, the value fo r  o l iv in e  alone is 
a good representation o f the trend in the whole rock. This is because o l i ­
vine is in most cases, both the most abundant phase in the rock, and also 
the mineral which contains the greatest amount o f the trace element i .e .  
o l iv in e  should contribute the greatest proportion o f the element to the 
whole rock abundance, assuming tha t the phases are in equ il ib r ium . Both 
the resu lts  o f th is  study, and in the l i te ra tu r e ,  support the v a l id i t y  o f 
th is  short-cu t. For example, o l iv in e  has, on the average, about 2900ppm 
Ni, orthopyroxene has about 650ppm N i, clinopyroxene has about 250ppm N i, 
and spinel has about 1750ppm Ni. Even in the rock with the lowest amount 
of o l iv in e  (50%), th is  phase would s t i l l  contribute about 90% o f the to ta l 
amount o f nickel in the rock.
Two trace elements, however, are present in greatest amounts in 
sp ine l: cobalt and zinc. Cobalt varies from 123 to 363ppm in spinel
(mean, 229ppm), compared with 100 to 217ppm in o l iv in e  (mean, 170ppm).
Zinc ranges from 456 to 2016ppm in spinel (mean, 961ppm), compared 
w ith 29 to lOOppm in o l iv in e  (mean 51ppm).
Since in these samples the modal abundance o f spinel is a t most only 
4.4%, th is  phase does not contribute a great amount of cobalt to the bulk. 
On the other hand, up to three times the amount o f zinc derived from o l i ­
vine may be provided by spinel (e.g. sample 45162 contains about 64% o l i ­
vine in the mode with 30ppm Zn, and 3.2% spinel with 1748ppm Zn).
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Fig. 5. Major oxides versus MgO in bulk peridoti tes a) Si0^ versus MgO
b) FeO versus MgO c) Cr203 versus MgO d) A1203 versus MgO e) CaO 
versus MgO f)  Na20 versus MgO. Al l  values in weight percent. 
Samples are pargasite-bearing lh e rzo l i te  (open c i r c le s ) ,  wehr l i te  
(so l id  t r ia n g le ) ,  clinopyroxenite-banded lh e rzo l i te  (open t r i ­
angles) and garnet-harzburgite (open square).
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Fig. 6. Trace elements versus MgO in olivine from peridotite nodules 
a) Co versus MgO b) Cr versus MgO c) Cu versus MgO d) Mn 
versus MgO e) Ni versus MgO f) Zn in olivine plus spinel 
fraction versus MgO in olivine. All trace element values in 
ppm, and MgO in weight percent. Samples are pargasite-bear- 
ing lherzolite (open circles),  wehrlite (solid triangle),  
clinopyroxenite-banded lherzolite (open triangles) and garnet- 
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Because of the significant quantities of zinc contained in spinel, a 
plot of (modal abundance olivine x concentration of Zn in olivine) + (modal 
abundance spinel x concentration of Zn in spinel) versus MgO (oliv ine) was 
used instead of jus t Zn (o liv ine). Similarly, the dispersion of Zn was 
calculated taking the fraction derived from spinel into account.
There is a negative correlation in these samples between MgO and Si02, 
A1 203, CaO and Na20. The scatter is wider in the case of Cr203, masking 
the positive correlation to some extent. FeO versus MgO shows no correla­
tion.
Concerning the trace elements, the scatter also makes i t  hard to d is­
tinguish the trends, but correlation coefficients showed that correlations 
exist for MgO versus Co and Zn versus MgO in oliv ine; a negative correla­
tion was also found for MgO versus Zn in the combined olivine plus spinel 
fraction; a strong positive correlation exists for Cr versus MgO in o l i ­
vine; but Ni versus MgO only correlates (positively) at 90% significance;
Mn also shows a negative correlation with MgO at the 90% level; and Co does 
not correlate at a l l .
These results are as expected: the easily fusible oxides are de­
pleted as the degree partial melting increases (increasing Mg or lOOMg/ 
Mg+ZFe), and nickel especially is concentrated in the residual crystals.
A great deal of the scatter in the major oxide data is probably due 
to the fact that total rock abundances were calculated from modal analyses 
plus mineral data: the modal analyses are l ike ly  to involve the greatest
error.
The paucity of lherzolite series olivines with composition Fa12-Fa14 
has led to the opinion that this in fact represents fe r t i le  mantle mater­
ial (Carter, 1970). Depleted specimens are judged, variously, to be those 
with CaO and A1203 less than about 2% (Harris et a l ., 1967); high lOOMg/
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Mg+Fe ra t io  (90); low T i02, high Cr/Al in pyroxenes; high Cr/Al in spinel 
(S in c la ir  e t a l . ,  1978); high magnesium number in s i l ic a te s  (Donaldson, 
1978); MgO > 40% (Hutchison e t a l . ,  1975); low magnesium number in spinel 
(Frey and Prinz, 1978); low A l /S i ,  high Mg/Si, Cr > 1%, Ti < 0.1%, T < 
1000°C (Jagoutz et a l . ,  1979); diminished garnet (or spinel) and c linopyro- 
xene (Nixon and Boyd, 1973; O'Hara et a l . ,  1975). None o f these samples 
examined here are t r u ly  " f e r t i l e " ,  a l l  are depleted to varying degrees.
2.5 ORIGIN OF THE INTERSTITIAL GLASS
The common presence o f glass, phlogopite and amphibole in lh e rz o l i te  
nodules has already been mentioned. Most samples in th is  study contain 
minor to trace amounts of glass, although only a few have phlogopite or 
amphibole. Frey and Green (1974) suggested that primary, accessory amphi­
bole and phlogopite are required to produce the glass. I t  has been noted 
tha t coarse textured Ih e rzo li te s  are frequently enriched in Sr, Zr, Nb,
Or
and LREE/HREE in clinopyroxene re la t iv e  to the prophyroclastic type, which 
would seem inconsistent w ith depletion o f other eas ily  fus ib le  components 
(Erlank, 1973; Shimuzu, 1975a,b).
Frey and Green (1974) and Frey and Prinz (1978) postulated in troduc­
t ion  o f a minor, h ighly fractionated melt phase to a major component res­
ponsible fo r  the major elements, major mineralogy, and compatible trace 
elements. The minor component was thought to be due to migration o f a 
small degree melt derived from a garnet lh e rz o l i te .  Migration proceeded 
upward in to  residual spinel lh e rz o l i te ,  introducing incompatible elements 
(K, T i,  P, LREE, Th, and U) and causing local p rec ip ita t ion  of c linopyro- 
xene and hydrous phases (amphibole, phlogopite). Local melting o f these 
phases would then re s u lt  in heterogeneous glasses r ich  in Na20, and A l203. 
S im ilar suggestions have been made by Erlank and Rickard (1977) and
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Shimuzu and Al legre (1978). MacRae ( 1979) accounts fo r  sulphide globules 
associated with the glass by contamination o f the xenolith  by sulphur­
bearing vapour which had escaped from the host magma.
Frey and Green (1974) reported tha t basanite-derived glasses pene­
tra ted the xenolith  to w ith in  only 200ym from the contact. Hutchison et 
a l . (1975) claim tha t some garnet lh e rzo l i te s  are contaminated by K20 from 
the k im berlite  host, and Maaloe and Aoki (1977) also envisage la te-stage 
host-derived migratory f lu id s  introducing incompatible elements.
Only two s i l ic a te  glass analyses were obtained from the samples in 
th is  study, from 2665 and 271 (Table 21; Appendix I I I ) .  Both are 
f a i r l y  r ich  in Si02, T i02, A1203, Na20, K20 and CaO, although they are 
heterogeneous. The glass in sample 271 is in d ire c t  contact w ith a phlogo- 
p ite  grain.
The presence of glass, both in te rn a l ly  derived and from the host, 
provides an additional source of heterogeneity in lh e rz o l i te  nodules, at 
least with respect to certa in  elements. Such heterogeneities could show 
up in measured whole rock data, and so i t  is advisable to ca lcu la te bulk 
analyses from the mineral data, a f te r  careful separation o f the phases. 
Glassy patches were v is ib le  in the hand specimen in some cases, but crush­
ing separated most glass from the o l iv in e .
Shimuzu and Allegre (1978) proposed three types of lh e rz o l i te  groups 
on the basis o f Cr, Sc, V, T i,  Zr, Mg and large ion l i th o p h i le  (LIL) e le ­
ments: Group A, w ith a porphyroclastic texture , equivalent to p r im it iv e ,
f e r t i l e  mantle m ateria l; Group B, with a coarse texture , non-metasomatic; 
and Group C a metasomatic rock with a coarse texture.
2.6 EQUILIBRATION CONDITIONS OF LHERZOLITE INCLUSIONS
Pressures and temperatures derived from the composition of phasese.g.
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pyroxenes in lhe rzo l i te  nodules are most l ikely to r e f l e c t  the conditions 
of unmixing: exsolution lamellae are very common in the pyroxenes. In
fac t ,  all  clinopyroxene may be removed from a peridot i te  during part ia l  
melting, but exsolve again as the temperature decreases.
Temperatures reported in the l i t e r a tu r e ,  based on various geothermo­
meters range from about 800 to 1300°C, a t  pressures of 10-20 kb, although 
(un rea l is t ic a l ly )  high values have been calculated by Lit t le john and 
Greenwood (1974) for some samples from Bri t ish  Columbia (2214°C). Lack of 
agreement between geothermometers is common, and th is  may be due to e i ther  
"resett ing" of temperatures to d i f fe ren t  degrees in d i f fe ren t  phases, or 
perhaps simply fau l ts  in the geothermometers and the i r  assumptions.
The temperatures of equil ibrat ion of these lherzo l i te  samples were 
calculated using four d i f fe ren t  geothermometers. The de ta i ls  are given in 
Appendix IV. A range of temperatures from 735°C to 1731°C was found, with 
f a r i ly  good agreement between the methods, although the Herzberg and 
Chapman (1976) geothermometer is in most cases about 200°C higher (Table 
22, Appendix IV).
There is a t  present no appropriate method for accurately c a lcu la t ­
ing pressure in spinel lhe rzo l i te  assemblages. However, the presence of 
spinel implies sampling of the upper mantle a t  depths less than 30-45 km, 
assuming a precambrian shield geotherm, and dry conditions; the spinel to 
garnet t rans i t ion  would occur, under an oceanic geotherm, a t  about 70 km 
(Ringwood, 1975).
Garnet peridot i tes  generally appear to have equil ibrated a t  s l igh t ly  
higher temperatures than the spinel-bearing assemblage and pressures be­
tween 20 and 60 kb (O'Hara e t  a l . ,  1975). For example Hearn and Boyd 
(1975) and Boyd and Nixon (1975) reported temperatures of 900 to 1400°C.
To te s t  the existence of a corre lat ion between equil ibra t ion temper-
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ature, type of texture, and degree depletion in the Iherzolite nodules, 
T(°C) was plotted against MgO, and the points categorized as coarse, por- 
phyroclastic or granuloblastic (Fig. 7 ). Unfortunately, there are insuf­
ficient points for other than coarse-textured xenoliths to give well- 
defined trends for those groups. However, there is a positive correlation 
between T and MgO i .e .  increasing degree of depletion, and increasing tem­
perature within samples from just  one locality. Perhaps on a wider scale 
i .e .  from one volcanic centre to the next, the sources were already heter­
ogeneous at the time of the final equilibration. If this were so, one 
would expect trends of higher degree depletion at higher temperatures to 
show up clearly only on a local scale, except where the sources happened 
to have about the same abundance of MgO before the final melting episode. 
The problem then arises that MgO plotted against fusible oxides show cor­
relations for all samples, not just  those from one area.
The lower temperatures obtained ( i .e .  < 1050°C) were in nearly all 
cases coarse-textured rocks. Most porphyroclastic and granuloblastic rocks 
had temperatures above 1050°C.
The high temperature (1731°C) for sample 2680 is probably not valid. 
The sample is a wehrlite, and is perhaps of cumulate origin.
2.7 ELEMENT DISTRIBUTIONS
Table 1 shows distribution coefficients for 12 samples for Co, Mn,
Ni and Zn between the four main phases. To test for compositional depend­
ence of these trace elements, a compound distribution coefficient was cal­
culated. The elements Co, Mn and Zn were considered to be associated with 
Fe and Ni with Mg. Fe and Mg are the "carrier" elements. Following the 
approach of Littlejohn and Greenwood (1974), distribution ratios were cal­
culated: Ni/Mg, Mn/Fe, Co/Fe, and Zn/Fe in the four phases. These values
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TABLE 1
KCo
ol/opx ol/cpx ol/sp opx/cpx opx/K sp cpx/sp T
2658 3.34 8.13 .66 2.43 .20 .08 1139
2659 2.62 8.24 .65 3.14 .25 .08 1247
2660 2.70 8.53 .58 3.16 .22 .07 1213
2661 5.85 9.19 .65 1.57 .11 .07 1206
2663 2.71 8.14 .62 3.00 .21 .08 1265
2665 3.02 7.82 .63 2.59 .21 .08 1176
2695 2.85 5.90 .69 2.07 .24 .12 1284
268 3.16 5.94 .91 1.88 .19 .15 1345
269 2.85 7.91 .48 2.77 .17 .06 1171
271 2.60 7.80 .63 3.00 .24 .08 1277
270 3.51 8.28 .80 2.36 .23 .10 1315
267 2.90 4.53 .98 1.56 .34 .22 1170
Sr(o)% ±26.8 ±17.2 ±19.5 ±22.7 ±23.9 ±43.9
KMn
ol/opx ol/cpx 0l/sp opx/ r cpx opx/sp cpx/sp T
2658 1.22 1.95 .89 1.60 .72 .46 1139
2659 1.26 1.95 .56 1.59 .44 .29 1247
2660 1.07 1.82 .70 1.71 .66 .39 1213
2661 1.27 1.60 .57 1.26 .45 .36 1206
2663 1.29 1.45 .48 1.12 .37 .33 1265
2665 1.57 1.56 .77 1.00 .49 .49 1176
2695 1.02 1.55 1.94 1.52 1.90 1.25 1284
268 1.11 1.48 1.42 1.33 1.28 .96 1345
269 .91 2.03 .68 2.22 .75 .34 1171
271 1.12 2.02 1.15 1.80 1.02 .57 1277
270 .99 2.08 1.09 2.10 1.10 .53 1315
267 1.00 1.67 .64 1.67 .64 .39 1170
Sr(cr)% ±15.0 ±12.7 ±45.3 ±22.3 ±51.9 ±52.0
Distribution coefficients for Co, Mn, Ni and Zn between olivine, orthopyro­
xene, clinopyroxene and spinel in peridotite xenoliths.
2658
2659
2660
2661
2663
2665
2695
268
269
271
270
267
Sr( ö'
2658
2659
2660
2661
2663
2665
2695
268
269
271
270
267
34
KNi
XC
L
oo o l / cpx o l // s p opx/ r cpx
opx/ sp
cpx/
sp T
4.57 11.35 1.53 2.49 .34 .14 1139
3.33 12.39 1.53 3.72 .46 .12 1247
4.40 12.36 1.79 2.81 .41 .15 1213
4.63 10.43 1.93 2.25 .42 .19 1206
6.95 20.68 2.33 2.97 .33 .11 1265
3.76 7.14 1.45 1.90 .39 .20 1176
3.50 9.63 2.39 2.75 .68 .25 1284
4.08 9.58 1.07 2.35 .26 .11 1345
5.83 16.84 3.24 2.89 .56 .19 1171
3.97 11.78 1.40 2.97 .35 .12 1277
4.56 17.92 1.22 3.94 .27 .07 1315
4.80 12.78 1.59 2.67 .33 .12 1170
±21.4 ±29.2 ±32.5 ±19.6 ±28.9 ±32.8
KZn
o l / opx o l / cpx 01 / sp opx/ cpx opx/ sp cpx/ sp T
1.24 2.33 .04 1.89 .03 .02 1139
1.18 3.62 .06 3.08 .05 .02 1249
1.21 3.62 .05 3.00 .04 .01 1213
1.13 4.38 .03 3.88 .02 .01 1206
1.32 5.40 .05 4.10 .04 .01 1265
1.38 1.76 .05 1.28 .04 .03 1176
1.44 4.00 .12 2.79 .09 .03 1284
1.27 3.81 .10 3.00 .08 .03 1345
1.48 3.27 .03 2.20 .02 .01 1171
1.48 2.88 .06 1.94 .04 .02 1277
1.46 3.16 .07 2.16 .05 .02 1315
1.46 4.15 .07 2.85 .05 .02 1170
±9.2 ±26.0 ±42.2 ±29.5 ±44.1 ±39.6
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Fig. 8. Simple Kg'S (Kg) versus T(°C) fo r  Mt. Shadwell pe r ido t i te  nodules.
a) K^n (o l/sp) versus T b) K^ n ( cPx/sp) versus T c) K^n (°Vsp) 
versus T d) Kzn (opx/sp) versus T. Kg ( a/B) = 
concentration of D in phase A 
concentration of D in phase B 
T determined by Herzberg and Chapman (1976) method.
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were then used to determine d is t r ib u t io n  coe f f ic ien ts  fo r  the elements, 
re la t ive  to th e i r  "ca r r ie rs " ,  between the phases. For example, K^-jt^^Opx) 
= 01 ^/Mg/opx^/Mg^ Values fo r  the compound d is t r ib u t io n  c o e f f i c ie n t  are 
l i s te d  in Table 2.
Both types of d is t r ib u t io n  coe f f ic ie n t  were plotted against tempera­
tu re,  calculated by the Herzberg and Chapman (1976) method (Figs. 8, 9). 
Correlat ion coe f f ic ien ts  were calculated to tes t  fo r  temperature depend­
ence.
The d is t r ib u t io n  coe f f ic ien ts ,  calculated by both means are f a i r l y  
uniform. Relat ive standard deviations were calculated in a l l  cases.
Spinel is the most var iable in composition, and th is  was re f lected in the 
tendency fo r  o l i v in e /s p in e l ,  orthopyroxene/spinel and cl inopyroxene/spinel 
d is t r ib u t io n  coe f f ic ien ts  to be greater than ol ivine/orthopyroxene, 
o l ivine/c l inopyroxene or orthopyroxene/clinopyroxene. There appeared to 
be no di f ference in the un i fo rm ity of two sets of d is t r ib u t io n  c o e f f i c ­
ients .
Six of the samples (2658-2665) are from Mt. Shadwell, three from Mt. 
Noorat, one from Mt. Porndon, one from Dreiser Weiher and one from San 
Carlos. Comparison of the dispersions of  d is t r ibu t ions  between minerals 
from Mt. Shadwell nodules, with dispersions based on samples from d i f f e r ­
ent areas did not show more uniform d is t r ibu t ions  on a local scale.
The data was compared with d is t r ib u t io n  coe f f ic ien ts  based on the 
mineral analyses of Kutol in and Frolova (1970) and also L i t t le jo h n  and 
Greenwood (1974). Good agreement was found, except fo r  Ni and Co d i s t r i ­
bution coe f f ic ien ts  in the case of the l a t t e r  workers, whose resu l ts  a l l  
showed lower dispersions.
For the exchange reaction 
Mg2Si04 + 2XSi0 3 X2Si04 + 2MgSi03
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TABLE 2
KCo
o l /
opx o l / cp x o l / s p
o p x /
K cpx
o p x /
K sp
c p x /  
r sp T
2658 2.09 1.77 .71 .85 .34 .40 1139
2659 1.58 1.84 .83 1.16 .52 .45 1247
2660 1.69 2.04 .73 1.23 .43 .35 1213
2661 3.70 2.10 .87 .57 .23 .41 1206
2663 1.70 2.18 .87 1.29 .51 .40 1265
2665 1.86 1.80 .83 .97 .44 .46 1176
2695 1.83 1.76 .66 .96 .36 .37 1284
268 1.99 2.20 .75 1.10 .38 .34 1345
269 1.87 1.73 .68 .93 .36 .39 1171
271 1.64 2.14 .62 1.31 .38 .29 1277
270 2.17 2.89 .73 1.33 .34 .25 1315
267 1.82 1.31 .94 .72 .52 .72 1170
Sr(a)% ±27.1 ±18.5 ±12.2 ±22.6 ±20.8 ±27.8
KMn
0 1 / o p x o l / cpx o l / sp ° P x / cp x ° P X / SP c p x /K sp T
2658 .76 .42 .96 .56 1.26 2.27 1139
2659 .76 .44 .72 .57 .94 1.65 1247
2660 .67 .45 .89 .67 1.33 2.00 1213
2661 .80 .37 .77 .45 .95 2.10 1206
2663 .81 .39 .67 .48 .84 1.73 1265
2665 .97 .36 1.02 .38 1.05 2.80 1176
2695 .65 .46 1.83 .71 2.83 3 .98 1284
268 .70 .55 1.19 .78 1.69 2.16 1345
269 .60 .45 .97 .75 1.62 2.17 1171
271 .71 .56 1.13 .79 1.59 2.02 1277
270 .61 .71 1.00 1.17 1.64 1.41 1315
267 .63 .48 .62 .77 .98 1.28 1170
Sr(a)% ±14.0 ±19.9 ±31.4 ±29.9 ±37.8 ±31.9
Compound d i s t r i b u t i o n  c o e f f i c i e n t s  f o r  Co, Mn, Ni and Zn r e l a t i v e  to  t h e i r  
c a r r i e r  e lements  (Fe in the  case  of  Co, Mn and Zn, and Mg f o r  Ni) between 
o l i v i n e ,  o r th o p y ro x en e ,  c l inopy roxene  and sp in e l  in p e r i d o t i t e  x e n o l i t h s .
2658
2659
2660
2661
2663
2665
2695
268
269
271
270
267
S r(o
2658
2659
2660
2661
2663
2665
2695
268
269
271
270
267
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KNi
o l / opx ° ^ c p x 0 l / s p ° P x / c p x ° p x / s p
c p x / s p T( ° C)
3.16 3.61 .61 1.14 .19 .17 1139
2.34 3.91 .51 1.67 .22 .13 1247
3.03 4.00 .63 1.32 .21 .16 1213
3.00 3.28 .66 1.09 .22 .20 1206
4.91 7.36 .70 1.50 .14 .10 1265
2.49 2.42 .50 .97 .20 .21 1176
2.35 2.97 .97 1.27 .41 .33 1284
2.62 3.30 .46 1.26 .18 .14 1345
4.00 5.40 1.06 1.35 .27 .20 1171
2.71 3.82 .58 1.41 .21 .15 1277
3.14 5.95 .51 1.90 .16 .09 1315
3.29 4.37 .67 1.33 .20 .15 1170
± 23.0 ± 31.9 ± 27.1 ± 17.9 ± 30.3 ± 35.7
KZn
o l / opx ^ c p x o l / sp opx/^ cp x opx/sp c p x /K s p T( ° C)
.76 .50 .04 .66 .06 .09 1139
.71 .81 .08 1.14 .11 .09 1247
.75 .88 .06 1.17 .09 .07 1213
.72 1.00 .04 1.39 .05 .04 1206
.82 1.80 .07 2.20 .09 .04 1265
.85 .41 .07 .48 .09 .18 1176
.92 1.19 .12 1.30 .13 .10 1284
.81 1.42 .08 1.75 .10 .06 1345
.97 .72 .04 .74 .04 .06 1171
.94 .79 .06 .85 .07 .08 1277
.91 1.08 .07 1.19 .07 .06 1315
.92 1.20 .07 1.31 .07 .06 1170
± 10.4 ± 37.9 ± 32.0 ± 38.7 ± 30.5 ±46.3
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Fig. 9. Compound Kg's ( Kq) versus T(°C) fo r  Mt. Shadwell pe r ido t i te  
nodules, a) KrJ (°^/cpx) versus T b ) Kqo (°Px/cpx) versus T 
c) K^ in ( °V cpx j  versus T d) K^n (°Px/cpx) versus T e) K 
(°Vcpx) versus T f )  K|n ( °Vsp)  versus T g) K^n (opx/Cpx) 
versus T h) «zn (opx/Sp) versus T.
K q = /concentration of D in phase A A
^concentration of c a r r ie r  element in A/
/ concentration of D in phase B________\
^concentration of  ca r r ie r  element in B /
Carr ier elements are: Fe fo r  Co, Mn and Zn and Mg fo r  N i .
T determined by Herzberg and Chapman (1976) method.
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where X is the trace element,
Kx = ( aMgSiO3) 2 (ax9Si0 4 )
(axSi0 3) 2 (aMg2Si0 4 )
where a is the activity.
Kx may be a function of temperature, pressure, and bulk composition 
of the phases.
The dispersions of both the simple and compound distribution coeff ic­
ients are quite low, especially in olivine (Sr,(o) -±25.0%). The samples 
appear to be in equilibrium.
Only 4 of the simple distribution coefficients correlate with temper­
ature: KMn(°^sp), KMn(cpX//sp) , KZn(°^sp) and KZn(opX//sp ) . All correlate
positively with T at 95% significance or better.
The compound distribution coefficients should to some extent remove 
the effects of compositional dependence of element distributions. L i t t le ­
john and Greenwood (1974) found correlations between Co and Fe, Cu and Fe, 
Mn and Fe, and Ni and Mg, but these trace elements correlated with no other 
major elements.
Several of the compound distribution coefficients correlated with
temperature: KZn(o l / cpx), KZn(o l / sp), KZn(opx/cpx), KZn(opx/sp), KMn(ol/
cpx), KMn(0 pX^ cpx), KCo(°^cpx), KCo(0 px^cpx) and KCo(cpx^sp). KCo(cpx,,,sp)
correlated negatively with T at 95%, but the others were positive at 95%
or better.
2.8 ORIGIN OF LHERZOLITE INCLUSIONS
Variation trends of, for example, MgO versus the more readily fusible  
("basaltic") components imply crystal/Iiquid equilibrium, either fractional 
melting or fractional crystall ization (Chen, 1971; Frey and Prinz, 1978). 
Lherzolite nodules are either cognate accumulates which have crystallized
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from the host magma, or the two are not a t  a l l  genetically re la ted ,  that  
i s ,  the nodule represents an accidental sample. Group I (the lhe rzo l i te  
series)  inclusions, are most commonly interpreted as being of accidental 
origin but i t  must s t i l l  be established whether they are samples of f e r t i l e  
upper mantle materia l,  from which basa l t ic  liquid can s t i l l  be extracted, 
or res idual ,  having undergone a cer tain degree of depletion. A th ird  pos­
s i b i l i t y  is tha t  they are samples of older accumulates (though not genetic­
a l ly  related to the present hosts).
The cognate origin for Group I inclusions (e.g . O'Hara, 1967; O'Hara 
and Mercy, 1963) has gained l i t t l e  support in the l i t e r a tu r e .  Sr-isotope 
data generally supports an accidental origin (Hutchison and Dawson, 1970; 
Paul, 1972; Dasch and Green, 1975; Stuckless and Ericksen, 1976). Like­
wise, Pb-isotopes are inconsis tent  with a cognate rela tionship (Cooper and 
Green, 1969; Zartman and Tera, 1973), as are REE data (Herrmann and 
Wedepohl, 1966; Nagasawa e t  a l . ,  1969; Rhodes and Dawson, 1973; Frey and 
Green, 1974; Frey and Prinz, 1978). Uranium values imply a non-cumulate 
nature (Green e t  a l . ,  1968) although Kleeman e t  a l . (1969) also t r ied  to 
discount a residual origin on this basis . Lack of correlat ion between 
host and nodule with respect to K, Th/K (Green et  a l . ,  1968) and K/U 
(Ringwood, 1975) support the accidental theory. Other arguments favouring 
th is  are: the low Ti, Na of nodules re la t ive  to the host (Donaldson,
1978); that  the fabric  and microstructure imply metamorphic recrystal 1iza- 
tion under subsolidus conditions below the temperature of basa l t ic  magma 
(Mercier and Nicolas, 1975; Ringwood, 1975; Donaldson, 1978); that  the 
type of host varies greatly and includes hawaiite (Wilkinson and Binns, 
1969), trachyte (Wright, 1969) and phonolite (Wright, 1966), which is hard 
to reconcile with uniform chemistry i f  the nodules are cognate (Kutolin 
and Frolova, 1970; Varne, 1977).
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The fa c t  tha t i t  is common to f ind  reaction between nodule and host 
has also been used as an argument fo r  the accidental o r ig in ,  since i t  
shows the fa c t  tha t the inclusion is unstable in the host (S ia l ,  1977),
but th is  in i t s e l f  does not prove d isequ ilib r ium  at depth (L i t t le jo h n  and 
Greenwood, 1974).
The un iform ity  in Ih e rz o l i te  nodules o f various major, and compatible 
trace elements is hard to explain i f  f ra c t iona l c ry s ta l l iz a t io n  processes 
had operated (Ringwood, 1975; Frey and Prinz, 1978).
The s im i la r i t y  between Group I nodules and other ultramafics thought 
to be derived u lt im a te ly  from the upper mantle e.g. Alpine pe r ido tites  
(Ringwood, 1975) on the one hand, and the d is s im i la r i ty  between Cr-diopside 
bearing inclusions and known cumulates, e.g. clinopyroxene in layered in ­
trusions, compared with Cr-diopside in nodules (Kuto lin  and Frolova, 1970), 
fu r th e r  support an accidental character.
The view tha t the A l-augite  (Group I I )  u ltram afic  inclusions are cog­
nate cumulates is v i r t u a l l y  unchallenged (Forbes, 1963, 1967; White, 1966; 
Green and Ringwood, 1967; Kuto lin and Frolova, 1970; Carter, 1970; Dawson 
et a l . ,  1970; Harris e t a l . ,  1972; Dawson and Smith, 1973; L i t t le jo h n  and 
Greenwood, 1974). This goup is is o to p ic a l ly  s im ila r  to i t s  host (Steuber 
and Murthy, 1966; Frey and Prinz, 1978) and i t  has a much greater chemical 
v a r ia b i l i t y  than Group I lh e rzo l i te s  (Frey and Prinz, 1978).
There is some doubt about the xen o li th ic  nature o f specimens 2680, a 
w e h r l i te ,  and three amphibole-bearing lh e rz o l i te s .
The mineral chemistry of a l l  four samples is typ ica l o f Group I 
lh e rzo l i te s  rather than Group I I ,  e.g. the low Ca content o f o l iv in e s , 
magnesium number greater than 85.0, high Cr and Na, low T i . The spinels, 
however, show the cha rac te r is t ics  of Group I I  u ltram afics: low Mg number
especia lly  fo r  2680, and high Ti in the case of 2680.
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The pargasitic amphibole of 281, 288 and 293 is similar to that from 
Ataq, reported by Varne (1970), who concluded that the samples represented 
undepleted mantle rather than cumulates or residual mantle material.
Wilshire and Shervais (1975) and Frey and Prinz (1978) defined Group 
I Iherzolites as commonly containing a pargasitic amphibole, but Group II, 
of cumulate origin, contained instead, kaersutite.
These four samples do not contain anomalous trace element abundances, 
and as they may be "accidental" in origin, they have been included in this 
study. Other specimens appear to be normal Group I, Iherzolite xenoliths, 
not genetically related to their host basalts, and representing probable 
samples of the upper mantle, depleted in basaltic components to various 
degrees.
2.9 SUMMARY
It  is obvious that statements about the homogeneity of the mantle 
must be qualified: mantle-derived rocks show that at present heterogen­
eities do exist, but i t  is suggested here that the main cause is the vari­
ation in degree of depletion in basaltic components due to different 
degrees of partial melting, as concluded elsewhere (Chen, 1971; Littlejohn 
and Greenwood, 1974; Fleet et a l .,  1977). Late-stage introduction of a 
mobile component containing incompatible elements may also add to the het­
erogeneity observed. The most common type of Iherzolite xenolith is tran­
sitional between fe r t i le  and barren mantle material (Jagoutz et a l .,  1979).
There is some evidence to suggest that the mantle was different in 
the Archaean (Viljoen and Viljoen, 1969; Sun and Nesbitt, 1977) and the 
heterogeneities now observed have been evolving with time.
Despite these factors, Iherzolite xenoliths may s t i l l  provide valu­
able information about the primitive mantle, even when the samples
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examined are not f e r t i l e .  Compatible elements are certainly the most su i t ­
able for this purpose, as they do not vary in the residuum so greatly with 
small degrees partial melting as do incompatible elements.
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CHAPTER 3. DISPERSION OF MAJOR AND TRACE ELEMENTS IN LHERZOLITE XENOLITHS 
3.1 INTRODUCTION
One o f  the c h ie f  boundary condi t ions f o r  the accret ion o f  the Earth 
has been the apparent low d ispersion o f  var ious compatible elements in the 
mantle (e .g .  Ringwood, 1975). The elements fo r  which low dispersions in 
the mantle have been in fe r red  e x h ib i t  d i f f e r e n t  p roper t ies :  some are major
elements (Mg, Fe, S i ,  A l ) ;  some are s ide roph i le  (N i ,  Co, Cu, Ge); and some 
are moderately v o l a t i l e  (Zn, Ge).
Arguments have been presented (Chapter 2) to show tha t  Group I spinel 
and garnet l h e r z o l i t e  xeno l i ths  probably represent accidental  mantle sam­
p les ,  which have undergone various degrees o f  deple t ion in the more eas i ly  
fu s ib le  components. The composition o f  the f e r t i l e  mantle ( p y r o l i t e )  l i e s  
somewhere between a b a s a l t i c  magma and a completely barren, res idual  p e r i -  
d o t i t e .
Accord ing ly ,  50 p e r id o t i t e  xeno l i ths  have been analyzed f o r  major e l ­
ements, and Co, Cr, Cu, N i , Mn and Zn. An attempt was also made to adapt a 
r e l a t i v e l y  new method o f  AAS analys is o f  Ge to these samples. The d isper-  
s ionsof these elements have been assessed a t  various scales: "world-wide"
(thousands o f  k i lom etres ) ,  Aus tra l ia -w ide  (hundreds o f  k i lom etres ) ,  tens o f  
ki lometres ( the Newer Basalt  volcanoes, V i c t o r i a ) ,  1 ki lometre  (Mt. Shad- 
w e l l ,  V ic to r ia )  and f i n a l l y ,  a cm-scale (homogeneity o f  grains w i th in  i n ­
d iv idua l  samples. Table 14 l i s t s  the sample l o c a l i t i e s .
The dispersions o f  elements should vary according to the e f f i c i e n c y  
o f  remixing processes on each o f  the above-mentioned scales.
Many workers (V i lm in o t ,  1965; Harr is e t  a l . ,  1967; Davidson, 1967; 
Fisher e t  a l . ,  1969; Hutchison e t  a l . ,  1970; Wy l l i e ,  1970; Chen, 1971; 
L i t t l e jo h n  and Greenwood, 1974; Wilk inson, 1975; Fleet e t  a l . ,  1977; Meyer, 
1977; Bishop e t  a l . ,  1978; Donaldson, 1978; Shimuzu and A l leg re ,  1978;
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S in c la ir  et a l . ,  1978) emphasized the heterogeneity of the upper mantle 
which is p r im ari ly  due to d i f fe re n t  degrees of depletion. Others recog­
nized the overall s im i la r i t y  o f lh e rz o l i te  xenoliths on a world-wide basis 
(Ross et a l . ,  1954; Kuto lin and Frolova, 1970; L i t t le jo h n  and Greenwood, 
1974; Harris et a l . ,  1975; Ringwood, 1975, 1977a,b, 1979; Wilkinson, 1975; 
Varne, 1977; Donaldson, 1978, Jagoutz e t a l . ,  1979).
For example, Jagoutz e t a l .  (1979) found low dispersions fo r  Fe, Mg, 
Cr, Mn and Ni in f e r t i l e  and completely barren nodules, but in tra ns it ion a l 
types, they found tha t these elements varied more from one lo c a l i ty  to the 
next.
3.2 DISPERSIONS OF MAJOR ELEMENTS
Diagrams of major oxides versus a measure o f the degree o f pa rt ia l 
m elting, MgO, show tha t the e f fe c t  o f varying amounts of melting is to 
increase the degree o f heterogeneity o f the residual so lid  assemblage 
(F igs. 5, 6). For T i ,  A l , Ca, and Na the e f fe c t  is tha t they are decreased 
with increasing degree melting, as basa lt ic  magma is removed from a fe r ­
t i l e  p e r id o t i te .  CorroJa~h<rn coQ-ffi c to /th  cu~e-shauv\ crv\ 9A«. -fajoia a p p e n d ^ d - lo  py. 52
Nevertheless, the range o f those elements has been observed to be 
s im ila r  in lh e rz o l i te  xenoliths from many lo c a l i t ie s  a l l  over the world 
e.g. Ross e t a l . (1954) and L i t t le jo h n  and Greenwood (1974) w ith respect 
to a l l  major elements, and magnesium number (100Mg/Mg+ Fe) in o l iv in e  and 
orthopyroxene (White, 1966; Carter, 1970; Harris e t a l . ,  1972; Aoki and 
Shiba, 1974; Best, 1974; Frey and Green, 1974) and Si02, Cr203 in o l iv in e  
(Hutchison e t a l . ,  1970, 1975). Frequency histograms (F ig .10) shows v a r i ­
ations in major elements in o liv ines  from 50 u ltramafic xenoliths. The 
dispersions of these elements in o l iv in e  and other phases are discussed 
be iow.
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Fig. 10. Frequency histograms o f abundances of major and minor oxides 
in o l iv in e  from 50 p e r id o t i te  nodules, a) S i0^ b) FeO 
c) MgO d) NiO e) MnO. Abundances in weight percent.
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Si02 : The dispersion, measured by 2o, as a percent of the mean, is
±1.1% in oliv ine,  ±3.3% in orthopyroxene, ±4.2% in clinopyroxene and ±6.0% 
in the bulk calculated from mineral plus modal analyses. A considerable 
part of this dispersion is probably due to partial melting, as shown by the 
trend of Figure 5 (Si02 versus MgO). The correlation coeff icient ,  r, for 
Si02 vs MgO is -0.5260. A negative correlation is l ikely at 99.95% con­
fidence.
Ti02: This element is a refractory, 1ithophile,incompatible element.
It is present in amounts below the limit of detection for the TPD micro­
probe in all olivine and nearly all orthopyroxene analyses, although some 
was recorded in many clinopyroxenes and spinels. Owing to the paucity of 
data for this element, no standard deviation has been calculated.
Al2O3 : The dispersions of this element are ±77.3% in orthopyroxene,
±63.3% in clinopyroxene, ±52.4% in spinel and ±105% in the calculated total 
rock. There is a strong negative correlation (r = -.8395) between A1203 
and MgO at a confidence level of 99.95%. Much of the large dispersion may 
be due to varying degrees of partial melting. A1203 has a bulk partition 
coefficient of s l ightly less than one, and will therefore tend to partition 
preferentially into the liquid during partial melting.
Cr2 03: Although present only in trace quantities in oliv ine,  "high"
Cr203 characterizes pyroxenes and spinels of Group I xenoliths. Cr is pre­
ferentially concentrated in olivine and pyroxenes during partial melting. 
The dispersions observed are ±68.3% in orthopyroxene, ±75.7% in clinopyro­
xene, ±118.7% in spinel, and ±91.2% in the calculated whole rock. Although 
no distinct  trend was apparent from the diagram of MgO vs Cr203 (Fig. 5), 
a positive correlation was found (r = +.6406) at 99.95% significance. Like 
A1203, the relatively high Cr203 dispersion may be explained by the effects  
of varying degrees of depletion. Cr is present in highest concentrations
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in spinel (up to 53.21 wt.%), and the spinel c rysta l/ l iqu id  partit ion coef­
f ic ie n t may be as high as 100 (Irv ing, 1978).
FeO: Like Mg, Fe is a compatible lithophile  element. The disper­
sions are ±18.7% in o liv ine, ±20.3% in orthopyroxene, ±35.3% in clinopyro- 
xene, ±37.9% spinel, and ±17.1% for the calculated total rock. FeO shows 
no d is tinc t trend when plotted against MgO (Fig. 5). The correlation coef­
f ic ie n t,  r = -.1863, indicates that there is unlikely to be a correlation 
at 95% confidence. The calculations were made assuming a ll iron as FeO.
MgO: The relative standard deviations ( 2a) are ±3.3% for oliv ine,
±5.4% for orthopyroxene, ±8.2% for clinopyroxene, ±24.0% for spinel and 
±12.6% for the calculated bulk. Increasing MgO is a measure of increasing 
degree partial melting, and so i f  the effects of melting were removed, the 
dispersion for this element would be even lower.
CaO: This element is refractory and lithophile  and i t  is present in
quantities below the l im i t  of detection for the TPD electron microprobe 
(0.06%) in olivine and spinel. The dispersions in the other phases are 
±85.2% in orthopyroxene, ±11.8% in clinopyroxene, and ±97.6% for the cal­
culated bulk. CaO shows a strong negative correlation with MgO (r  = -.7761) 
at 99.5% significance. Ca has a bulk c rys ta l/ l iqu id  partit ion of s ligh tly  
less than one. The large dispersion is l ike ly  to be partly due to the 
fact that varying degrees of partial melting removed Ca to the melt.
Na20: The dispersions of this incompatible lithophile  element are
±77.9% in clinopyroxene, the only major phase which contains amounts above 
the l im it  of detection for the electron microprobe (0.10%), and ±175.2% 
for the calculated bulk. Na20 correlates negatively with MgO (Fig. 5).
At 99.5% significance, r = -.4466. Variation from suite to suite is prob­
ably due largely to partial melting effects.
I t  is suggested here that the heterogeneity of these mantle-derived
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Iherzolite xenoliths with respect to major elements is largely due to der­
ivation from regions which have undergone variable degrees of partial 
melting and depletion in basaltic components.
I t  is worth noting that greater dispersions are observed for the more 
incompatible elements than those that are compatible. I t  is to be expected 
that these elements, and Cr which concentrates in the residual crystals, 
correlate strongly with MgO i.e .  as degree partial melting varies.
Dispersions were calculated on several different scales: on the
basis of four different grains in the one sample i.e .  <10cm; samples only 
from Mt. Shadwell (10cm); several localities in the Newer Basalts of South- 
Western Victoria (10-500km); 100-1000km scale i .e .  the whole eastern side 
of Australia; and lastly, greater than 1000km, i.e .  based on specimens 
from Europe, USA, Queensland and an average of results from samples from 
the other Australian states.
On a scale of less than 10cm, the dispersions of major element abun­
dances were in fact the lowest. The 10cm-lkm scale produced the highest 
dispersions. All other scales were approximately the same. This suggests 
that the dispersions are not primarily due to heterogeneities caused by, 
and formed during accretion. Rather, variations in thermal history and 
therefore degree of depletion is the main factor. Within a single sample 
there is less likely to be variation in temperature of equilibration, and 
in degree of depletion, so the dispersions are probably caused mainly by 
analytical errors. Any primary heterogeneities could probably have been 
removed by diffusion on this scale (Section 6.2).
As an example of the values obtained, the relative standard devia­
tions (at a 2a level of confidence) for Mt. Shadwell inclusions are shown 
by:
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TABLE 3
01iv ine Orthopyroxene Clinopyroxene Spinel Bulk
S i0 2 ±8.2% ±1.2% ±1.1% ±5.9%
A120 3 - ±58.9% ±56.4% ±69.2% ±124.2%
Cr 20 3 - ±43.9% ±45.4% ±50.0% ±119.8%
FeO ±17.7% ±8.4% ±16.8% ±50.2% ±16.2%
MgO ±2.8% ±5.0% ±6.3% ±26.5% ±6.3%
CaO - ±33.8% ±5.3% ±157.2%
Na20 - - ±39.6% ±138.0%
100Mg/Mg+lFe ±1.8% ±0.7% ±1.0% ±24.2%
Dispers ions  of major elements in a l l  major phases and c a lc u la t e d  1bulk in
Mt. Shadwell samples. All values  are  r e l a t i v e  s tandard  dev ia t ion of mean,
a t  a 2a conf idence l e v e l , as a pe rcen t .
The d i sp e r s io n s  c a lc u la t e d  on the basis; of four g ra ins  from the one
sample a re  exemplif ied  by these  r e s u l t s  from sample 2663, Mt. Shadwell.
Tables of the chemical analyses  a re  contained in Appendix I I I .
TABLE 4
01iv ine Orthopyroxene Clinopyroxene Spinel
G
O
O N> ±0.4% ±0.1%( ±1.1% -
> N> O CD - ±26.2% ±81.9% ±2.5%
Cr 20 3 - ±21% ±13.7% ±1.8%
FeO ±1.9% ±1.9% ±9.4% ±14.2%
MgO ±0.3% ±.5% ±14.5% ±8.3%
CaO - ±51.9% ±6.5% -
Na20 - - ±118.0% -
100Mg/Mg+lFe ±0.2% ±0 . 3% ±1.2% ±7%
Typical d i sp e r s io n s  of major elements in a l l  major phases in indiv idua l  
samples,  based on analyses  of 4 g ra in s .  All values are  r e l a t i v e  s tandard 
d e v ia t io n s  of the  mean a t  a 2o confidence l e v e l ,  as a pe rcen t .
One exception to the decreased d isp e r s io n s  on the  s ingle -sample  sca le  
i s  fo r  c l inopyroxene.  This i s  probably because the re  is  zoning in "spongy"
Major oxides vs MgO in bulk perido tites  
Si02
A12°3
Cr2°3 
FeO to ta l
CaO
Na20
Trace elements vs MgO in o l iv in e  from 
pe r ido t ite  nodules
Co
Cr
Cu
Mn
Ni
Zn
Zn (o l iv in e  plus spinel frac t ion )
Correlation 
C o e f f ic ie n t , r ,
-0.5260
-0.8395
+0.6406
-0.1863
-0.7761
-0.4466
-0.2995
+0.3229
-0.1404
-0.2090
+0.2348
+0.4136
+0.4156
Confidence 
level (%)
99.5
99.5
99.5 
95.0
99.5
99.5
97.5
97.5 
95 
90 
90
99.5
99.5
Correlation c o e ff ic ie n ts ,  r ,  fo r  major oxides versus MgO in bulk pe r id o t i te  
samples, fo r  trace elements versus MgO in o l iv in e  from p e r id o t ite  nodules, 
and fo r  Zn in the o l iv in e  plus spinel f ra c t io n  versus MgO.
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Cr-diopsides e.g. Na2 Ü, AI2 O3 decrease from the c lear cores to the spongy 
rims and Mgo increases.
The calculated bulk values, o f course, also include errors in modal 
a n a lys is .
Dispersions are generally much higher where the element is present in 
low abundances in the phase e.g. CaO in orthopyroxene.
I t  is hard to explain why the dispersion is largest over the 10cm- 
lkm scale. I t  was suggested previously tha t the reason why a corre la t ion  
between MgO and temperature was found in Mt. Shadwell only was that p r io r  
to the la s t  melting episode the source o f these samples was f a i r l y  uniform, 
though probably already depleted to some extent. Variable degrees o f melt­
ing in th is  f in a l  episode then caused va r ia t ion  in the abundances of bas­
a l t i c  components. However, as soon as samples from d i f fe re n t  areas are 
compared, the trend disappears, because the source regions, p r io r  to the 
f in a l  melting episode, were already depleted to varying degrees. In the 
case o f Mt. Shadwell xeno liths , the la rger dispersions may be due, then, 
to the fa c t  tha t a la rger range in degrees of depletion is being observed.
The main conclusion from the study o f major element dispersions is 
tha t on a scale on which convection plus d if fu s io n  could probably not cause 
homogenization (Section 6.2) the dispersion of the elements examined is  not 
found to be s ig n i f ic a n t ly  greater than on other scales. This suggests tha t 
tha t the dispersions are mainly due to causes other than primary accretion- 
al processes: probably p a rt ia l melting.
3.3 DISPERSIONS OF TRACE ELEMENTS
The trace element dispersions were calculated only in o l iv in e ,  and 
fo r  Zn and Co in sp inel. Frequency histograms of the abundances are shown 
in Figure 11.
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Fig. 11. Frequency histograms of abundances of trace elements in 
ol ivine from 50 per idot i te  nodules, a) Co b) Cr c) Cu 
d) Zn e) Zn in ol ivine plus spinel f ract ion.  All abun­
dances in ppm.
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Cobalt: The silicate/Fe metal distribution coefficient of this sid-
erophile element is about .005 (Ringwood and Kesson, 1977). The partit ion 
coefficient between crystal and liqu id is generally considered to be about 
3.0 (e.g. Irving, 1978). Cobalt is a compatible element. The re lative 
standard deviation of cobalt values in olivines from the 50 xenoliths is , 
at a 2a level of confidence, ±27%, and in spinels, ±47%.
Although there is approximately twice as much cobalt in the coexist­
ing spinels, this phase is present in small amounts, so the oliv ine values 
provide a good estimate of the whole rock dispersions. When plotted 
against MgO, cobalt in olivine does not show a d is tinc t v is ib le trend (Fig. 
6). However, r = -.2995, indicating a probable negative correlation at 
97.5% significance. The analytical error (Appendix I) for cobalt is about 
±5% (2a), so some of the dispersion may be due to causes other than prim­
ary heterogeneity. The effect of d ifferent degrees melting on the amount 
of cobalt retained in olivine crystals was calculated using the batch melt­
ing equation of Shaw (1970), and a bulk crysta l/I iqu id  partit ion coeffic­
ient of 2.0. The results were that 5% partial melting could a lte r the con­
centration of Co in the rock by 2.6%, 10% melting by 5%, 15% by 8%, 20% 
melting by 12%, 25% melting by 15%, and 30% partial melting, by 20%. Var­
iation in degrees of partial melting, combined with analytical error could 
account for much of the dispersion observed in abundances of cobalt in 
lherzolite xenoliths.
Chromium: The olivine crysta l/I iqu id  partit ion coefficient is hard­
er to derive for this non-siderophile element as i t  varies in valence 
state depending on oxygen fugacity (Schreiber, 1976). I t  is , however, 
greater than unity for a range of l ike ly  redox conditions and temperatures 
in the mantle (Irv ing, 1978). Chromium w il l  therefore concentrate in re­
sidual crystals during partial melting, so that the hypothetical fe r t i le
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mantle contains more Cr than the derived basalts (Kay and Hubbard, 1978). 
The dispersion of this element in the olivine from peridotite inclusions 
examined here is ±98% (Sr, 2a, as a percentage), compared to Sr(2a) =
±91.2% in the calculated total rock. The analytical error estimated for Cr 
results obtained by electron microprobe analysis is ±23.9 (Sr, 2a), and 
the Cr vs MgO in olivine correlation coefficient, r = +.3229, indicative 
of a positive correlation at 97.5% significance. The dispersion does, 
however, seem to be higher than can be explained by a combination of ana­
lytical error plus varying degrees of enrichment in residual phases.
Copper: There is not a great deal of information available on the
crystal/liquid partition behaviour of copper. Bird (1971) found a range 
of ol ivine/1 iquid partition coefficients from about 0.3 to 0.5. Kay and 
Hubbard (1978) l i s t  copper as having a partition coefficient less than 0.2, 
and so, like Ca, A1 and Ti, i t  tends to be higher in basalts than in a 
hypothetical, fe r t i le  mantle. Copper is a moderately volatile element, 
and also exhibits siderophile behaviour. Ringwood and Kesson (1977) report 
a silicate/metal distribution coefficient of 0.02 to 0.003. A further 
problem in the case of copper is ascertaining the effect of sulphide-rich 
liquids: copper also possesses a chalcophile nature. It is observed as
tiny sulphide blebs in the in te rs t i t ia l  glass of Iherzolite inclusions 
(MacRae, 1979).
The dispersion found for copper in olivine from the peridotite nod­
ules was ±111% if  a single high value of 17ppm Cu is ignored. Initial 
results for copper in olivines averaged close to 20ppm Cu, but with more 
careful hand separation, the average was lowered to 5.33ppm. It is sug­
gested that the tiny sulphide inclusions caused contamination in the f i r s t  
instance. Even in the second set of results, the higher values are prob­
ably due to the same problem.
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The analytical error is taken as ±16%. Ringwood and Kesson (e.g. 
1977) proposed a value of 34ppm Cu for pyrolite, whereas Jagoutz et a l . 
suggested 6.4ppm Cu.
Copper, being moderately volatile, will be depleted relative to 
chondritic, to some extent, during accretion. Core formation is likely to 
remove much of the copper, owing to the siderophile behaviour of the ele­
ment. Finally, the presence of mobile sulphur-rich phases, perhaps pro­
duced during formation of basaltic melts, may subtract more Cu. In any 
case, partial melting should tend to concentrate copper into basaltic 
liquids. A correlation between Cu and MgO (Fig. 6) in olivine is unlikely 
at  95% significance (r = -.1404). Heterogeneous composition and distribu­
tion of copper sulphide-bearing glasses would cause greater variation in 
copper abundance measured in the total rock, and similarly in mineral ana­
lyses i f  hand separation is not extremely careful. The dispersion found 
for copper is wider than for the other elements, and a combination of ana­
lytical error, varying degrees of partial melting, and varying degrees of 
contamination are put forward to explain this.
Manganese: The relative standard deviation (2o, as a percent) is
±35% for manganese in olivine. The analytical error estimated for Mn 
determined by electron microprobe (AEI) is ±11.5%.
Crystal/liquid partition coefficients suggested for Mn are generally 
close to unity, or slightly less (Irving, 1978; Kay and Hubbard, 1978). 
Ringwood (e.g. 1977b) l i s t s  Mn as a compatible element. Manganese will 
either not be fractionated significantly during partial melting, or per­
haps Mn will decrease by a few percent during 30% partial melting. The 
diagram of Mn versus MgO in olivine (Fig. 6) shows no obvious correlation. 
At a 90% confidence level Mn probably correlates with MgO (r = -.209), 
though i t  does not do so at 95%.
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Manganese is a moderately vo la t i le , non-siderophile element. Some of 
the spread in the data for Mn abundances could be explained by analytical 
error, though the effect of varying degrees of partial melting is probably 
minimal.
Nickel: Of the elements examined in this study, nickel is the most
strongly siderophile. Ringwood and Kesson (1977) gave the silicate/Fe 
metal d istribution coeffic ient as 0.0006. Nickel is a compatible element 
which also partitions fa i r ly  strongly into the residual s il ica te  crystal 
phases during partial melting. The o l iv ine /liqu id  partit ion coefficients 
suggested for this process vary from about 7 to 16 (Irv ing, 1978) at about 
1300°C. A value of 15 for oliv ine is used in calculations here, and also 
by Frey and Prinz, (1978). Leeman and Scheidegger (1977) found an average 
apparent partit ion coeffic ient of about 14 by AAS, and 17 by microprobe.
30% partial melting, assuming a bulk partit ion coefficient of 13 
would cause an increase of 39% in the residual assemblage, regardless of 
whether batch melting or fractional melting is assumed (Hertogen and 
Gijbels, 1976). These authors calculated the effects of varying degrees 
of partial melting on a lherzo lite  (01:50%; 0px:30%; Cpx:20%) for six 
cases:
1. Constant partit ion coefficients, batch melting.
2. Constant partit ion coefficients, fractional melting.
3. Partition coefficients linearly  increasing with degree of melting, 
batch melting.
4. Partition coefficients linearly increasing with degree of melting, 
fractional melting.
5. Partition coefficients linearly decreasing with degree of melting, 
batch melting.
6. Partition coefficients linearly  decreasing with degree of melting, 
fractional melting.
Ni fractionation in the residual solid is nearly identical for the six
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cases.
Ringwood and Kesson (1977) define the nickel content of pyrolite as 
1694ppm, whereas Jagoutz et a l . (1979) recommend 1950ppm. In order to 
produce the observed variation in Ni in the residual lherzolites, a varia­
tion of about 20% in the degree of melting would be required (assuming the 
1950ppm Ni value for the fe r t i le  mantle).
The analytical error for Ni, determined with the AEI electron micro­
probe is ±8.1% (Sr, 2a), and the dispersion of Ni in the samples is ±14%
(2a). I t  is obviously quite easy to account for the variation in nickel
abundances in olivines from Group I xenoliths by analytical error plus
varying degrees of enrichment due to varying degrees of partial melting.
The Ni versus MgO diagram shows no correlation at 95%, but correlates pos­
itively (r  = +0.2348) at  90% (Fig. 6).
Zinc: This element is moderately volatile,  i t  is not siderophile, and
i t  probably has a crystal/Iiquid partition coefficient close to unity, 
like Mn and Fe (Kay and Hubbard, 1978). Bougault and Hekinian (1974) 
found an olivine/glass partition coefficient for Zn of 0.86 in MAR basalts,
which would cause only small changes in the zinc abundance for anything up
to 30% melting.
Litt le  work has been carried out on the partitioning of zinc between
basaltic liquids and the various phases in a lherzolite. Spinel may be as
significant in contributing Zn to the total rock as is olivine, as spinel 
contains as much as 2000ppm Zn, and olivine from only 29 up to lOOppm.
The dispersion of zinc (Sr, 2a) is ±64% in olivine, and ±70% in spinel 
and ±53% in the combined olivine plus spinel fraction. The analytical 
error is estimated at ±10% (2a) for olivine results, and ±19.8% (2a) for 
Zn in spinel.
The diagram of MgO versus Zn in the combined olivine plus spinel frac-
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tion of the whole samples (Fig. 6 ) i l lustrates a negative correlation 
(r  = -.4156) which is significant at 99.5%. Although the negative correla­
tion is not apparent from the diagram (Fig. 6), r = -.4136 for MgO vs Zn 
in olivine, indicating a negative correlation.
Some of the variation in zinc values for lherzolite nodules is prob­
ably due to analytical error, and possibly some to variable depletion of 
basaltic components. There is also some degree of error introduced by 
accepting olivine plus spinel as a representation of the whole rock. Com­
plete data i .e .  Zn abundance in all four phases were obtained for 12 samp­
les. The relative standard deviation (at a 2a confidence level) was ±27%, 
compared with ±37% for the same samples when only the olivine plus spinel 
contribution was considered.
There s t i l l  remains, however, a considerable part of the dispersion 
that cannot be readily accounted for by processes subsequent to core for­
ma ti on.
Germanium: An attempt was made to determine the abundance and dis­
persion of germanium in lherzolite xenoliths by AAS analysis of the volatile 
hydride (Appendix II) . Unfortunately , this approach involved great im­
precision, and was therefore deemed unsuccessful. However, germanium is 
of sufficient importance in the context of this study to warrant mention­
ing.
Germanium exhibits a fair ly  strong siderophile behaviour, is volatile 
and has a crystal/liquid partition coefficient of about one. In this 
respect i t  is similar to manganese, zinc and iron, although Mn and Zn may 
be slightly less, and germanium, unlike Zn, is not concentrated in any 
one phase.
Mn, Ni and Cu do not correlate with MgO at 95%, although at a 90% 
confidence level Mn shows a negative correlation and Ni a positive corre-
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lation. The other trace elements correlate with MgO at 95% or higher 
levels. Mn, and Zn have olivine crystal/liquid partition coefficients 
close to one, so they should not be strongly fractionated by partial melt­
ing. Delano and Ringwood (1978b) note that for a variation of 5000 in the 
abundance of potassium ( i .e .  an element that is strongly fractionated dur­
ing processes involving crystal/Iiquid equilibrium), germanium abundance 
remains within a factor of 2. Over a similar range of K abundances, zinc 
varies within a factor of about four, and manganese by considerably more. 
De Argollo and Schilling (1978) tabled Ge results for Hawaiian basalts of 
tholeii t ic ,  alkali ,  and nephel ine-melil ite series: their results show a
relative standard deviation (at a 2a level) of ±18.5%. Peridotites pro­
duce a dispersion of ±36% (2a), based on 14 analyses in the l i terature 
(Jagoutz et a l ., 1979; Morgan and Wandless, 1979; Schnepfe, 1979).
Since Ge is unlikely to have been fractionated by crystal-1iquid 
processes, and keeping in mind the conclusion (Chapter 6) that on a certain 
scale, homogenizing processes like dry liquid diffusion and convection 
would be inefficient, the dispersion of germanium in Iherzolite nodules 
probably provides the best estimate of the degree of primary heterogeneity 
Zinc and manganese are only preferentially partitioned very slightly into 
the liquid during partial melting, so they too may provide rough estimates 
of the degree of primary heterogeneity. More data is needed on Ge abund­
ances in Iherzolite xenoliths in order to verify the low dispersions.
Highly siderophile elements: the wide dispersions of Au, Pt-group
elements (e.g. Chou, 1978; Morgan and Wandless, 1979) has already been 
mentioned. If this group really does exhibit chondritic ratios, then as 
Chou (1978) suggested, a two-stage process involving extremely efficient 
extraction of this group to the core, followed by contamination of the 
mantle by a late stage bombardment rich in Au, Pt-group elements, becomes
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a distinct possibility. Unless the wide dispersion can be explained by 
crystal chemical factors and near-surface metasomatism (Ringwood, 1977b), 
the implication is that mixing of the late component is inefficient. 
Although Ge is grouped with the moderately siderophile elements (Ni, Co) 
i t  should be extracted to the core more efficiently than they. Chou (1978) 
in fact, has calculated that the chondritic influx would enhance Ge by 
30%, compared with 8.6% for Ni. This may account for the dispersion in Ge 
noted for peridotites and basalts.
The results found for the dispersions of trace elements in the 
lherzolite xenoliths are in good agreement with other studies. The varia­
tion in trace elements from suite to suite, and even within suites, cannot 
be entirely accounted for by varying degrees of partial melting, and ana­
lytical error. Nickel has such a low dispersion that the analytical error 
plus small variations in degree of partial melting could be responsible.
I t  is difficult  to explain the high dispersion of chromium (±98%) in oli- 
vi ne.
Similar variations with increasing MgO were found in nickel abund­
ances (for example, Fisher et a l ., 1969; Simkin and Smith, 1970; Chen,
1971; Fleet et a l . ,  1977). When only undepleted samples were examined by 
Jagoutz et a l . ( 1979) they found dispersions no lower for major elements, 
or nickel; but Mn, Zn and Cu were considerably less variable.
It  is not suggested here that the dispersions of trace or major ele­
ments observed in mantle-derived rocks are entirely caused by partial 
melting processes. However, for most elements, the variations that could, 
in theory, develop from reasonable variations in the degree of melting are 
of similar magnitude to those observed in the xenoliths. In reality ,  the 
dispersions caused by primary heterogeneities would probably be accentua­
ted by these factors. The dispersion of germanium is least likely to have
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been affected by c rys ta l / I iqu id  fract ionation processes, and so gives the 
best idea of the nature of primary heterogeneity, a t  leas t  with respect to 
tha t  element.
TABLE 5
Element No. of Samples x(ppm) 2 a ( % ) Range (ppm)
01ivine
Co 50 169.6 ±27% 100-217
Cu 50 5.3 ±111% 1-14
Cr 50 116.5 ±98% 30-281
Mn 50 1125. ±35% 742-1659
Ni 50 2928 ±14% 2241-3316
Zn 50 51.2 ±64% 29-100
Spinel
Co 49 229.2 ±47% 123-363
Zn 49 960.7 ±70% 456-2016
Bulk
Ge 14 0.91 ±36% 0.62-1.35
Mean, dispersion as i l l u s t r a te d  by re la t ive  standard deviation a t  a 2a 
confidence level ,  and range (ppm) in olivine and spinel from peridot i te  
xenoliths . Ge resu l ts  based on data in the l i t e ra tu re  (Jagoutz e t  a l . ,  
1979; Morgan and Wandless, 1979; Schnepfe, 1979).
PART II
Implications of the Dispersions of Compatible 
Elements in Ultramafic Inclusions for the 
Accretion of the Earth
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CHAPTER 4. PROCESSES IN THE SOLAR NEBULA 
4.1 INTRODUCTION
The previous chapters have discussed the nature of ultramafic 
nodules, and of the mantle from which they are probably derived. The 
data shows that the mantle is heterogeneous with respect to compatible 
major and trace elements, but a large part of the variability can be 
accounted for by a combination of partial melting effects and analytical 
error.
This chapter deals with the general processes in the solar nebula 
in relation to the formation of planets so that the implications of the 
data for primary accretional processes during the formation of the Earth 
can be assessed. Firstly, the nature of the solar nebula in which 
accretion of the Earth occurred is discussed.
Two main aspects of the nature of accretion of planets are (a) the 
manner in which the accumulation of material takes place, and (b) the 
type of matter from which the body is forming. I t  is important, therefore, 
to ascertain whether a planet accretes from well-mixed, or poorly-mixed 
material, and whether or not the result is an init ial compositionally 
homogeneous structure, and on what scale uniformity exists. The degree 
of compositional homogeneity is,  of course, determined by the physical 
and chemical attributes of the solar nebula in which particle accumulation 
is occurring, and so i t  is essential to consider the evolution of the solar 
system.
Insight may be gained into the processes that took place during the 
genesis of the solar system by: (a) examining "recent" occurrences i .e .  by
astronomical observation; (b) by studying meteorites; and (c) by 
simplified theoretical modelling of this very complex subject.
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4.2 PHYSICAL PROCESSES IN THE SOLAR NEBULA
VJedepohl (1967) and Ringwood (1979) outlined some of the chief 
boundary conditions for the origin of the Earth:
1. Planets have coplanar orbits defining a f la t  disk.
2. The Sun rotates in nearly the same plane as the planets, which 
follow a fair ly circular orbit around i t .
3. The planets revolve in the same direction around the Sun, and 
most of them rotate in the same direction.
4. There is a relationship between inter-planet spacings (Bode's
Law): r = r ßn where ß - 1.73, and r is the mean distance ofn o  * n
e
the nth. plant from the sun.
5. Density and compositions of the planets and of the sun: the 
planets are divided into an inner, high density "terrestrial" 
group, and an outer, low density "major" group.
6. The sa te l l i tes  of Jupiter, Saturn and Uranus form systems 
analagous to the solar system in terms of the above boundary 
conditions.
Kant (1755) and Laplace (1796) were the f i r s t  to put forward a model 
which satisfied some of the above boundary conditions, a model which involved 
flattening of a gaseous nebula into a discoidal configuration, due to 
rotation and self-gravitation.
1
An alternative type of hypothesis (Jeans, 1917; Jeffreys, 1<&6)
A
entailed tidal interaction between two closely approaching stars.
At one time, the fact that the Sun possessed nearly all of the solar 
system's mass, but only two percent of i ts  angular momentum, was a problem 
which the Laplacian theory apparently could not account for. More 
recently, feasible means of angular-momentum loss were proposed (Alven,
1942, 1954; Hoyle, 1960; Schatzman, 1962) so that the discoidal nebula
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theory came back into favour once more (e.g. Schmidt, 1944, 1958;
Kuiper, 1951; Levin, 1949; Safronov, 1954, 1972a).
Whatever the details of collapse of a parental, circumstellar gas- 
dust cloud, astronomical observations support the idea that a circumstellar 
disk can form around a protostar (Ringwood, 1979).
Cameron (1962, 1963, 1969, 1970, 1972, 1973a,b,c) and Cameron and 
Pine (1973) proposed a model of nebula evolution in which the solar system 
formed from a rotating discoidal nebular ( s t e l l isk) of two solar masses. 
Angular momentum was transported outwards, and a central mass condensed, 
producing the Sun. The contraction of such a massive nebula would produce 
high temperatures (1Ö00-1700°C) in the vicinity of the terrestrial  
planets. Formation of the planets must have taken place before dissipation 
of the nebula was complete (103-104 yrs).
The mechanism by which the circumstellar disk forms is not yet clear, 
but i t  has been suggested that i t  is perhaps derived from a residue of the 
cloud from which the Sun formed (Huang, 1969), or the disk may have 
derived from material ejected from the central star (Hoyle, 1960).
Another proposal is that the disk was derived from matter captured when 
the Sun travelled through an interstellar  cloud (Schmidt, 1944, 1958).
Regardless of which mechanism is correct, i t  appears likely that the 
circumstellar dust-plus-gas could, rotating around a central core, 
collapsed due to self-gravitation parallel to the rotation axis. Particle 
velocities are lowered by the presence of the gas, which faci l i ta tes  
adhesion (Ringwood, 1977b). The gas also damps the random chaotic motion 
of the particles, resulting in approximately coplanar orbits. These 
" f i rs t  generation" aggregates spiral rapidly down into the equatorial 
plane, creating a thin, dense disk. Such a disk is likely to be unstable 
(Safronov 1972a; Goldreich and Ward, 1973), and so would collapse into a 
series of self-gravitating cloudlets, which contract and form a "second
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generation" of planetesimals (a few kilometres in size), in i t ia l ly  in 
circular, coplanar orbits. When the condensates exceed a certain 
cr i t ical  radius, the gravitational fields increase the eccentricities and 
inclinations, causing sweeping up of dust and small particles according to 
a gravitational cross section (proportional to radius, R4) rather than 
merely a geometrical cross section (R2), (Hartmann, 1969). The larger 
planetesimals so produced are the planetary nuclei, which dominate 
accretionary processes in their "feeding zone".
The impact of massive planetesimals on planets may be responsible 
for the inclination of the axes of rotation now observed (Safronov, 1972a).
The material which collects in a given zone in the ecliptic plane 
will be comprised of solids from a variety of different temperature 
regimes. The degree of heterogeneity of this condensate depends on 
whether or not the particles in equilibrium with gas from one temperature 
regime are able to re-equilibrate with the gas as they fall through 
lower-temperature regions of the cloud. The kinetic factors, and the 
complex set of in it ial  conditions which determine the extent of 
re-equilibration are not well enough defined at present to enable accurate 
prediction of the degree of uniformity of material from which the Earth 
and other planets formed.
The task of employing dispersions of elemental abundances inferred 
for the mantle of the Earth to gain an understanding of the mixing 
processes that occurred during accretion, is thus made difficult :  i f  the
intrinsic dispersions are unknown for the accreting material, then the way 
in which accretion and subsequent processes modify those patterns cannot 
be quantitatively assessed. It  is possible, however, to simplify the 
problem by viewing i t  in terms of end-members. The main factors which 
determine equilibration between gas and the planetesimals are:
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(a) the size of the first-generation planetesimals formed in the 
circumstellar shell
(b) the time required for the planetesimals to spiral down to 
the e e lip tic  plane
(c) formation-time of the second generation planetesimals.
Other factors which may influence partic le  accumulation are the presence 
of f lu f fy  "ices" which would lower sticking effic iency (Cameron, 1970) 
and the presence of bituminous, low-temperature compounds which would aid 
adhesion (Larimer and Anders, 1967).
Ringwood (1979) views the end-members mentioned above as describing 
the net resu lt of accumulation in the solar nebula. Three cases are 
considered:
1. The first-generation planetesimals are very small (e.g. <<lmm), 
leading to slow descent to the e c lip tic  plane. Increasing 
opacity to solar radiation allows e ff ic ie n t cooling while the 
disk is forming. The small grains which f in a lly  produce the 
second generation bodies are in equilibrium with a cold gas 
(Safronov, 1972a).
2. E ffic ie n t sticking of particles results in re la tive ly  large 
(-'10cm) planetesimals, which sink so rapidly to the e c lip tic  
plane that the second generation planetesimals are intimate 
mixtures of material derived from wide-ranging P-T conditions 
in the nebula i.e . a small-scale (~10cm) heterogeneity w ill 
persist in the asteroid-sized bodies formed in the central 
plane.
3. The first-generation of planetesimals are of intermediate 
size (1mm to 1cm, for example), and therefore sink into the 
e c lip tic  plane more slowly than the larger (10cm) partic les.
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I f  i t  is assumed th a t the timescale fo r  g rav ita t iona l in s ta b i l i t y  
in the disk is much smaller than that fo r  sinking of planetesimals 
in to  the e c l ip t ic  plane, then the f i r s t  pa rt ic les  to a rr ive  there 
w i l l  have separated from gases at highest temperatures, and 
la te r  the lower temperature condensates a rr ive . The astero id­
sized bodies f i r s t  formed w i l l  thus be comprised of a homogeneous, 
high-temperature m a te ria l,  and the la te r  ones, likewise 
homogeneous, re f le c t  low temperatures.
I t  has already been pointed out that the three cases ju s t  described 
are but a s im p l i f ic a t io n  of a very complex s i tu a t io n . In the real case, 
the nature o f the pianetesimals reaching the e c l ip t ic  would probably be 
due not only to height above the plane, but radia l mixing due to the 
increased el 1ip t i c i t i e s  and in c l ina t ions  of the o rb its  during approach of 
planetary nuclei (W e th e r i l l ,  1976a).
Impact o f planetesimals on planetary nuclei is probably a f a i r l y  
severe event, causing intense d is rup tion , fragmentation and mixing 
(Ringwood, 1977b). I t  is hard to see how any large-scale heterogeneities 
could survive (Ringwood, 1979). But despite these mixing processes, 
there is an overall trend fo r  the ra t io  of high-temperature to low- 
temperature condensates to decrease with increasing he liocen tr ic  distance.
4.3 CHEMICAL PROCESSES IN THE SOLAR NEBULA
I t  is  often assumed tha t the chemical processes in the solar nebula 
which gave r ise  to the d i f fe re n t  classes o f meteorites, and especially 
to the chondrites, are the same processes which gave r ise  to the 
te r re s t r ia l  planets (e.g. Ganapathy and Anders, 1974).
Some of the factors tha t may have been involved in producing d i f fe re n t  
meteorite classes are: redox conditions (Anders, 1968); extent of compound
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and a l lo y  formation, pressure e f fe c ts ,  grainsizes, d i f fu s io n ,  presence 
o f su itab le  nucleation s ites  (Larimer, 1967); length of condensation or 
v o la t i l iz a t io n  time, presence of complex hydrocarbons to act as binding 
agents (Larimer and Anders, 1967); density, b r i t t le n e s s ,  and magnetic 
s u s c e p t ib i l i t ie s  which may enable one component to be fractionated from 
another (Larimer and Anders, 1970); and v o la t i l i t y  and v o la t i le  escape 
and recondensation (Wai and Wasson, 1977). Some of the differences 
between the te r re s t r ia l  planets may also be due to varia tions in the 
above-mentioned factors .
I t  is not suggested tha t the te r re s t r ia l  planets necessarily formed 
from material iden tica l to a meteorite class (or mixture o f c lasses), but 
ra ther tha t th e i r  composition can be conveniently expressed and understood 
in terms o f certa in  end-members, which correspond f a i r l y  well to p a r t icu la r  
meteorite types.
The subdivision o f the cocoon nebula in to  high, intermediate, and low- 
temperature zones is  somewhat a rb i t ra ry .  The main advantage in fo llowing 
the approach o f Ringwood (e.g. 1977b) and expressing the composition of 
the p r im it iv e  Earth in terms of a mixture o f a high- and a low-temperature 
component, ra ther than up to seven (e.g. Ganapathy and Anders, 1974;
Anders, 1977) is the s im p l ic i ty  o f the former: the la t te r  approach has
seven degrees o f freedom.
The sequence o f so l id  phases which should condense from a gas of 
solar composition, assuming a to ta l pressure in the gas o f 10” 4 bar, has 
been calculated from thermodynamic data by several authors (Anders, 1968; 
Grossman, 1972; Grossman and Larimer, 1974; Wasson and Wai, 1976; Wai 
and Wasson, 1977). The condensation sequence is summarized in Table 6.
Various proposals have been made regarding estimation of the 
composition o f the material from which the Earth accreted. These w i l l  be
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discussed in the next chapter, which deals with accretion models.
TABLE 6
Element or Compound °K
Ca, A 1 , Ti oxides and silicates 
Platinum metals W, Mo, Ta, Zr, REE
>1400
M g 2Si 0 4 
Fe-Ni metal
-1360
Remaining S i 0 2 (as M g S i 0 3) 1200-1350
C r 20 3 -
P- 1290
Au 1230
Li 1225
M 2Si04 1190
As 1135
Cu 1118
Ga 1075
(K, Na)AlSi30 8 -1000
Ag 952Sb 910
F 855Ge 812
Sn 720
Zn 660-760
Se 684
Te 680
Cd 680
S (as FeS) 648
FeO (10%ss. as (Mg0 9 Fe0 1 )2Si04 ) -600
Pb 520
Bi 470
Ln 460
Tl 440
Fe304 400
NiO -
H 20 ~300
Condensation temperatures and sequence of phases and elements 
separating from gas of solar composition at 10~4 atmospheres total 
pressure. Temperatures correspond to 50% condensation. Ringwood (1977b).
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CHAPTER 5. THE ACCRETION OF THE EARTH
5.1 INTRODUCTION
The init ia l  conditions in the circumstellar gas cloud, the process 
of planetesimal collection in the ecliptic plane, and final accretion of 
the Earth may a l l ,  ultimately, have played a part in determining the 
dispersion of elements now observed in the mantle. In this section the 
planetary accumulation hypotheses will be discussed. Table 7 summarizes 
the main features of, and the arguments for and against, the various 
accretion models, as reviewed by Rinqwood (1975, 1977b, 1979).
5.2 ACCRETION MODELS:
Early Homogeneous Accretion Model
The Earth accreted homogeneously, according to this model, from an 
intimate mixture of s i l ica te  and metal particles (Urey, 1952, 1962a,
1963; Kuiper, 1952; Vinogradov, 1961; Elsässer, 1963; Birch, 1965).
The composition of the mixture was similar to ordinary chondrites, 
assumed to have formed in the nebula, prior to accretion.
Accretion occurred over such a long time ( 107- 108 yrs) that gravitational 
potential energy was able to radiate away, allowing an in i t ia l ly  "cool"
Earth (<1000°C) to exist. Heating by long-lived radioactive elements 
caused melting of iron metal and its  segregation into the core at a late 
(e.g. 109 yrs) stage. However, Oversby and Ringwood (1971) inferred that 
the core formed during or soon after accretion.
The intimately mixed metal and sil icate particles should have been in 
equilibrium.
This model cannot readily explain the presence of a light element in 
the outer core, and therefore cannot account for the fact that siderophile
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TABLE ~T
MODEL MAIN FEATURES ARGUMENTS FOR ARGUMENTS AGAINST
The Early Homogeneous Accretion 
Model (e.g. Urey, 1952, 1962a, 
1963; Kuiper, 1952; Vinogradov, 
1961; Elsässer 1963; Birch, 
1965).
The Earth accretes from an i n t i ­
mate mixture of s i l i c a te  and 
metallic iron part ic les ,  similar 
to ordinary chondrites.
Slow accretion (107-10eyrs) a l ­
lows heat due to GPE release to 
radiate  away: therefore the Earth 
stays cool and unmelted, until 
la te r  (108-109yrs) heating from 
radioactive elements causes seg­
regation of metallic iron from 
s i l ic a te s  and triggers  formation 
of the core.
Accretion is from a homogeneous 
material (with low dispersions of 
elemental abundances) and i t  pro­
duces, a t least  for the f i r s t  107- 
108yrs ,  a homogeneous structure 
in the Earth.
Metal and s i l i c a te  particles 
should have been in equilibrium.
1. The major element composi­
tion of the Earth can be 
explained.
2. The depletion in the Earth 
of vola ti le  elements can be 
explained.
3. The low dispersions of com­
patible  elements in the 
mantle are predicted.
1. The inference that the core 
formed during or soon a f te r  
accretion (e .g .  Oversby and 
Ringwood, 1971).
2. The hydrosphere and atmos­
phere are supposed to be 
derived from degassing of 
trapped vo la ti le s  (H,0, C02 
e t c . ) ,  yet these would de­
compose in the presence of 
excess Fe metal (Ringwood, 
1975; 1977b).
3. The ligh t  element required 
to exis t in the outer core 
cannot be readily introd­
uced (Ringwood, 1977b).
The Heterogeneous Accretion/Neb­
ula r  Condensation Theory (e.g. 
Anders, 1968, 1971a; Turekian 
and C l a r k ,  1969; Ganapathy e t  
a l . ,  1970; Anderson and Hanics, 
1972; Clark e t  a l . ,  1972; Gros­
sman 1972a,b; Anderson, 1973; 
Cameraon, 1973a).
This theory is committed to a mod­
el of the solar nebular evolution 
which involves in i t i a l l y  very high 
t e m p e ra tu re s  (Cameron, 1962, 1963, 
1969, 1970, 1972, 1973a,b.c; 
Cameron and Pine, 1973). All sol­
ids were vapourized in the region 
of the t e r re s t r ia l  planets, allow­
ing gradual sequential condensa­
tion to form a layered Earth.
The re su l t  i s ,  f i r s t  an iron core, 
then a magnesian-silicate mantle 
(see T a b le t ) .  A la te ,  vola ti le - 
rich layer containing FeO, FeS and 
hydrated magnesian s i l i c a te s ,  a- 
long with any remaining high tem­
perature condensates, produced the 
upper mantle and crust.
1. Since core and mantle have 
never been in contact, the 
"overabundance" of sidero- 
p h i l e  e lem en ts  and th e  "high"  
Fe3+/Fe2+ ratio  in the upper 
mantle are not a problem.
2. The vola ti le  content of the 
upper mantle can be explained.
1. The model of nebular evolu­
tion on which the theory is 
based may not be r e a l i s t i c  
( e . g .  Ringwood, 1975) .
2. Core formation would re ­
lease l i t t l e  GPE, making i t  
d i f f i c u l t  to find a driving 
force behind convection. 
Convection is needed i f  
strongly zoned in i t ia l  
s tructu re  of the Earth is 
to be removed.
3. Elastic ra t io  and density 
d is tr ibutions  in the lower 
mantle contradict the pre­
diction of this  model that 
there is v ir tually  no iron 
there.
4. The upper mantle should be 
depleted in early,  high- 
temperature condensates 
(e.g. Ca.Al.T1 and REE) re ­
la tive to major components 
(Mg and Si) since i t  accre­
ted, but th is  is probably 
not so (Ringwood, 1975).
5. Many vo la t i le  elements e.g. 
sulphur, should be much 
more abundant in the mantle 
than seems to be the case 
(Ringwood, 1975).
6. No mechanism is provided 
for conveying a "l ight"  el-  
ment e .g .  sulphur, from the 
upper mantle to the chemi­
cal ly isolated core.
7. The short timescale ( 103- 
lC^yrs) required for accre­
tion of most of the Earth 
raises  dynamical problems 
(Levin, 1972a).
Summary of main features,  and arguments for and against  the main models of accretion of the Earth.
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MODEL MAIN FEATURES ARGUMENTS FOR ARGUMENTS AGAINST
The S i n g le - S ta g e  H ypo thes is  
(Ringwood, 1959, 1960, 1966a , b , 
1975).
A c c r e t io n  t a k e s  p l a c e  in  a r e l a ­
t i v e l y  cool n e b u la .  As a c c r e t i o n  
p r o c e e d s ,  GPE r e l e a s e d  a l s o  i n ­
c r e a s e s ,  r e s u l t i n g  in  s e v e r a l  
s t e p s  ( Fig .  12. ) .
The E a r th  a c c r e t e s  from homo­
geneous m a t e r i a l  s i m i l a r  to  Type 
1 ca rb onaceous  c h o n d r i t e s ,  bu t 
t h e  s t r u c t u r e  produced i s  i n i t i ­
a l l y  h e te r o g e n eo u s :  t h e  Ear th  
forms i n s i d e  o u t ,  w i th  a cool 
o x i d i z e d  n u c le u s  and reduced  
o u t e r  l a y e r s .
Core fo rm a t io n  d i s p l a c e s  t h e  
o x i d i z e d  n u c le u s  upward i n t o  the 
m a n t l e ,  where i t  mixes w i th  de­
v o l a t i l i z e d  s i l i c a t e s  from which 
m e t a l l i c  i ro n  has been removed 
The o x i d i z e d  component c o n ta i n s  
most o f  t h e  v o l a t i l e  e le m e n ts ,  
o x i d i z e d  i ro n  and s i d e r o p h i l e  
now p r e s e n t  in  t h e  m an t le .
Core fo rm a t io n  would be so r ap id  
t h a t  s i n k i n g  metal  d r o p l e t s  may 
n o t  have t im e to  e g u i l i b r a t e  
w i th  s i l i c a t e s  ( E l s ä s s e r ,  1963).  
Mixing of H2 from th e  nebula  
i n to  t h e  a tm osphere  would p e r ­
m it  c o n ti n u o u s  b l o w -o f f  o f  the 
a tm osph ere  (Ringwood, 1975).
I t  is  d i f f i c u l t  to  d i s p o s e  
o f  the  l a r g e  atmosphere 
formed by r e d u c t io n  (Urey , 
1960; L e v in ,  1972a; Gross - 
man, 1972) .
There i s  c o n s id e r a b l e  d e ­
b a te  abou t  whe ther  o r  n o t  
the  metal  could  have r e ­
mained o u t  o f  e q u i l i b r i u m  
with the  man t le  s i l i c a t e s  
( e . g .  Grossman, 1972; 
B r e t t ,  1976) .
3.  A s h o r t  t im e s c a l e  (<106 
y r s )  i s  r e q u i r e d  f o r  a c ­
c r e t i o n  ( L e v in ,  1972).
4.  The low d i s p e r s i o n s  of 
some co m p a t ib l e  e lem en ts  
a r e  i n c o n s i s t e n t  w i th  phy­
s i c a l  mix ing of  a low-T 
component i n to  the m a n t l e .
1. Core fo rm a ti on  occurs  du r in g  1. 
a c c r e t i o n .
2.  Major e lement compos i t i on  of 
t h e  Ea r th  can be e x p la in e d .
3.  The v o l a t i l e  e lement c o n te n t
o f  t h e  Ea r th  can be e x p la in e d .  2.
4.  A means of p ro v id in g  the  core  
w i th  a l i g h t  e lem en t  ( S i )  is  
g i v e n .
Revi sed  Homogeneous A c c re t io n  
Model (Ringwood, 19 77a ,b ;  1979).
The E a r th  a c c r e t e s  from a homo­
geneous m ix tu re  o f  2 components:  
a b o u t  15%A, an o x i d i z e d ,  v o l a ­
t i l e - r i c h  m a t e r i a l  s i m i l a r  to  Cl 
c h o n d r i t e s ,  and 85%B, a red uced ,  
m e t a l - r i c h ,  d e v o l a t i l i z e d  mat­
e r i a l  .
I n i t i a l l y  low GPE r e l e a s e ,  and 
slow impact v e l o c i t i e s  d ur in g  
a c c r e t i o n  may a ll o w  r e t e n t i o n  of 
v o l a t i l e s  and any h e t e r o g e n e i t ­
i e s  (Ringwood, 1979).  Thorough 
mix ing and d e v o l a t i l i z a t i o n  
would be ex p ec ted  in l a t e r  
s t a g e s .
Reac ti on  o f  H20 e v ap o ra ted  in to  
the  a tm osphere ,  w i th  i n f a l l i n g  
Fe-Ni metal  co u ld  have produced 
most o f  t h e  FeO a c c r e t e d .  The 
Hj produced  by t h i s  r e a c t i o n  
cou ld  have t h e r m a l ly  e v ap o ra ted  
from the  exo sp h ere .
All  b u t  the  most h ig h ly  v o l a ­
t i l e  e le m en ts  (H20 ,  CHU, C02 ,
CO, N2 , NH3 , H2S and i n e r t  
g a ses )  rec o n d e n s e ,  i n c lu d in g  
s u lp h u r  as FeS, and e n t e r  the 
so l  id E a r th .
Core fo rm a t io n  occurs  e a r l y .
Some component e . g .  FeO (and /  
o r  FeS) lowers t h e  m el t in g  
p o i n t  o f  meta l  r e l a t i v e  to  
s i l i c a t e s ,  so m e l t in g  and s e g ­
r e g a t i o n  o f  Fe-FeO begins  a t  
high  p r e s s u r e s  ( e . g .  a t  1500- 
2000 km d e p th ) .
FeO o r  Fe20 3 (h ig h  p r e s s u r e  
polymorph) i s  removed to  the 
c o re  w i th  t h e  m e t a l ,  i . e .  ox ­
ygen is  t h e  l i g h t  e lement in 
t h e  c o re .
1.  The major e lement composi­
t i o n  o f  t h e  Ea r th  can be 
e x p la i n e d .
2.  The d e p l e t i o n  o f  v o l a t i l e s  
in  t h e  Ea r th  can be e x ­
p l a i n e d .
3.  The model p r e d i c t s  low d i s ­
p e r s i o n s  f o r  compa t ib le  
e lem ents  in the  m an t le .
4.  The model can accommodate a 
long o r  s h o r t  t im e s c a l e  fo r  
a c c r e t i o n :  e a r l y  c o re  forma­
t i o n  i s  p o s s ib l e  even f o r  a 
long t im e s c a l e .
5. A method of i n t r o d u c in g  a 
l i g h t  e lem ent (oxygen) i n to  
the  c o re  is  p rov id ed .
6.  The "overabundance"  of  some 
s i d e r o p h i l e  e le m e n ts ,  and 
the  "h igh" Fe3* /F e J+ r a t i o  
of th e  upper man tl e  can be 
e x p la i n e d .  I f  oxygen i s  
the  l i g h t  e lement in  the 
c o r e ,  h ig h e r  f 0 2 expec ted  in 
t h e  man t le  could  e x p la in  the 
o b s e rv a t io n s  ment ioned  above.
1.  Some s i d e r o p h i l e  e le m en ts  
e . g .  Au and P t -g ro u p  e l e ­
ments a p p e a r  to  nave w ide r  
d i s p e r s i o n s  in m a n t l e - d e ­
r iv e d  ro ck s  ( S r ,  2 o > ±100%) 
Chou (1978) found chond- 
r i t i c  r a t i o s  f o r  t h e s e  e l ­
ements r e l a t i v e  to  i r i d iu m  
and p roposed  t h a t  t h i s  i s  
due to  l a t e - s t a g e  bombard­
ment o f  a low-T component 
i . e .  an e lem ent  o f  h e t e r o ­
geneous a c c r e t i o n .
2.  I n e r t  g a s es  show l a r g e  
d i s p e r s i o n s  in  oc e an ic  
t h o l e i i t e s  (C ra ig  and 
Upton, 1976) .
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elements are present in the upper mantle in amounts greater than would be 
expected on the basis of equilibrium  p a r t i t io n in g  between metal and 
s i l ic a te s .  S im i la r ly ,  the Fe3+/Fe2+ ra t io  o f the upper mantle is  higher 
than would be expected i f  the s i l ic a te s  had equ il ib ra ted  with Fe metal 
which la te r  segregated in to  the core.
The hydrosphere and atmosphere of the Earth are supposed to be 
derived from degassing of trapped v o la t i le s  (e.g. H20, Co2 and N2) during 
magmatism, but excess m e ta ll ic  iron would have decomposed these molecules 
(Ringwood 1975a, 1977b, 1979).
The Heterogeneous Accretion/Nebular Condensation Theory:
The high temperatures which, according to Cameron's model o f solar 
nebula evo lu tion , developed in the v ic in i t y  of the te r re s t r ia l  planets 
would have completely evaporated dust grains. Eucken (1944), and la te r  
Turekian and Clark (1969) based th e ir  heterogeneous accretion models on the 
assumption that hot solar gases, on undergoing sequential condensation, 
could produce an Earth layered according to v o la t i l i t y .  Anders (1968, 
1971), Turekian and Clark (1969), Ganapathy et a l . (1970), Anderson and 
Flanks (1972), Clark et a l . (1972), Grossman (1972a,b), Anderson (1973) and 
Cameron (1973a) based th e ir  theories s p e c i f ic a l ly  on the Cameron (1963, 
1969, 1973a) model of the solar system's o r ig in .  Flowever, the ch ie f 
proponent o f th is  nebula evolution model has since abandoned i t  in i t s  
o r ig ina l form (Cameron, 1975a, 1977; Cameron and Pollack, 1976).
According to la te r  versions of the Heterogeneous Accrection Theory, 
the accreting matter changed in composition with time, from the i n i t i a l  
high-temperature, re frac to ry , Ca, A l , and Ti condensates, and Fe-Ni metal, 
to the subsequent upper mantle components comprising low-temperature 
condensates and any high-temperature material tha t had fa i le d  to previously
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accrete. In other words, the accretion of the upper mantle only was 
homogeneous. To say that the entire Earth was strongly zoned according 
to v o la t i l i ty  obviously contradicted evidence of compositional uniformity 
of the upper mantle. The evidence came from mantle-derived xenoliths, such 
as the lherzolites examined in this study. No samples are available from 
the deeper regions of the Earth, that are assumed to have accreted 
heterogeneously.
The timescale of accretion of the bulk of the Earth was short, 
concurrent with condensation of the solar nebula (104 yrs), but the upper 
mantle accreted over a longer timescale (105-107 yrs). Levin (1972a) 
has pointed out that a short timescale for accretion of most of the Earth 
raises dynamical problems.
Since the Heterogeneous Accretion Model involves accumulation of 
an iron core, v ir tu a lly  "in s itu ", followed by the lower mantle, and 
f in a lly  by the upper mantle, the core and upper mantle would never have 
been in contact. Consequently, the "overabundance" of siderophile 
elements, and the "high" Fe3+/Fe2+ ra tio  in the upper mantle are not a 
problem.
This model suffers from several severe d if f ic u lt ie s .  Core formation 
would release l i t t l e  gravitational potential energy (GPE), because the 
core forms more or less in s itu . Without GPE release, i t  is hard to find 
a driving force to explain convection. Without convection, the strongly 
zoned in it ia l structure of the Earth could not be removed.
Since the high-temperature condensates (Ca, A1, Ti and REE) condensed 
f i r s t ,  they should be depleted in the upper mantle, re lative to Mg and 
Si. But the in vo la tile  elements, and Mg and Si appear to be present in 
pyro lite  in more or less chondritic amounts. Since the condensation 
temperature of Fe is sim ilar to Mg, iron also should have had a chondritic
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abundance. Had that been so, the iron would have either sunk, or the. 
greater density of the iron-rich layer convectively overturned, taking 
siderophile elements with i t .  One of the chief arguments in favour of 
the heterogeneous accretion is then defeated: the explanation of the
overabundance of siderophile elements and the high Fe3+/Fe2+ ratio in 
the upper mantle by avoiding metal/upper mantle s i l icate contact.
In addition to the problem of refractory elements in the upper mantle, 
the abundance of many volatile elements (e.g. sulphur) is too low 
(Ringwood, 1975).
The lower mantle would have condensed at far greater temperatures 
( 1000-2000°C) than that at which FeO would enter magnesium sil icates 
(400°C), and so the magnesium silicates of the lower mantle should be free 
of FeO. Elastic ratio and density distributions do not support such a 
conclusion (Ringwood, 1975).
A further argument against the Heterogeneous Accretion Model is that 
i t  provides no mechanism for introducing a light element into the outer 
core (Levin, 1972a). Volatile elements would condense only in the upper 
mantle after core formation.
The Single-Stage Model:
Accretion occurred, according to the Single-Stage Hypothesis (Ringwood, 
1959, 1960, 1966a,b, 1975) in an in i t ia l ly  cool solar nebula. The material 
from which the Earth accreted was homogeneous, and resembled Type 1 
carbonaceous chondrites. The term "Single-Stage" is employed because 
reduction of oxidized iron to metallic iron, and fractionation, occurred 
during accretion, instead of in the solar nebula.
As accretion proceeded, the amount of gravitational potential energy 
(GPE) liberated increased, resulting in several stages in the composition 
of accreted material (Fig. 12):
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Fig. 12. Relationship between energy of accretion and radius of the 
growing Earth according to the Single-Stage Model. The 
principal stages of accretion are shown in relation to the 
energy of accretion and approximate surface temperature 
(a fter  Ringwood, 1970).
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Stage I: GPE released is small, and therefore temperature is low, 
and is buffered by the latent heat of evaporation of vo la tile  components. 
The result is a cool, oxidized, vo la t i le -r ich  nucleus of primordial 
material.
Stage I I :  the energy released on impact of planetesimals is great
enough to cause reduction, in the presence of carbonaceous material, of 
oxidized iron to metal. Heating also caused degassing, especially of CO 
and H2, which form a primitive reducing atmosphere.
Stage I I I :  reduction of iron oxide now proceeds within the atmosphere
instead of at the solid surface of the nucleus. Relatively vo la tile  
elements (e.g. Cr, Mn, Na, K, Rb, Cs, F, Zn etc.) are reduced and 
vo la til ized into the primitive atmosphere. The material accreting consists 
of metallic iron plus iron-free, volatile-depleted silicates.
Stage IV: the temperature becomes high enough (>1500°C) to reduce
and vo la ti l ize  major components of the s il ica te  phase. Silicon (SiO) 
the most vo la tile  major component, is lost from enstatite (MgSi03), so 
that fo rs te rite  (Mg2Si04) accretes instead. Some s il ica  is reduced to 
elemental Si, which enters the metal phase forming a ferrosilicon alloy.
Stage V: the Earth has developed "inside out" to this point, with a
cool, oxidized nucleus surrounded by layers which become successively 
more reduced and metal-rich towards the surface. When melting occurs near 
the surface, the metal segregates into bodies which sink to the core, the 
oxidized, vo la t i le -r ich  nucleus upward to the mantle. This process also 
provides a driving force for convection.
Although the in fa ll ing  material is homogeneous, the composition 
changes with progressive accretion and temperature increase, resulting 
in i t ia l l y  in a heterogeneous structure in the Earth. Core-formation and 
resultant convection, however, mixes the oxidized iron, siderophile and
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v o la t i le  elements from the nucleus, with the overlying degassed, iron - 
and siderophile-poor mantle. The only explanation fo r  the low dispersions 
in these elements in ferred fo r  the upper mantle, is a mechanical mixing 
process i .e .  convection. Such a process could probably not be so 
e f f ic ie n t ,  and so th is  is  a major weakness in the model.
Ringwood (e.g. 1975) maintained that metal droplets would sink to the 
core so rap id ly  re la t iv e  to the rate of d i f fu s io n ,  tha t metal and s i l ic a te s  
would not be in equ il ib r ium . Thus, one o f the problems o f early 
homogeneous accretion theories could be avoided, namely, explaining the 
"overabundance" o f s iderophile elements and the "high" Fe3+/Fe2+ ra t io  in 
the upper mantle. There has been, however, some debate about whether or 
not the iron metal could have remained out o f equilibrium  with the mantle 
s i l ic a te s  (e.g. Grossman, 1972; B re tt ,  1976).
As with the Heterogeneous Accretion Theory, the Single-Stage Model 
requires a short timescale o f accretion (<106 yrs), ra is ing  dynamical 
problems (Levin, 1972a).
A serious objection to the o r ig ina l Single-Stage Model was tha t once 
a massive reducing atmosphere (mainly H2, H20 and CO) is allowed to 
accumulate, i t  is d i f f i c u l t  to remove (Urey, 1960; Levin, 1972a;
Grossman, 1972). Ringwood (1960, 1966a,b) had o r ig in a l ly  envisaged 
removal of the atmosphere by a combination of T-Tauri solar "winds", 
high ro ta t ion  rate of the p r im it ive  Earth, and turbu lent in te rac tion  with 
the solar nebula. Later Ringwood (1975a) revised the model to allow the 
p r im it ive  atmosphere to "blow o f f "  continuously during accretion. This 
was achieved by turbu lent mixing of hydrogen from the solar nebula in to  the 
atmosphere. With a lowered mean molecular weight, the atmosphere could 
blow o f f  continuously under the influence o f the high temperatures and 
high ro ta t ion  ra te . At no stage would a massive atmosphere develop.
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If  a steady s ta te  si tuat ion between hydrogen from the solar nebula 
and reduction products (H20, CO and H2) from accretion had existed,  a 
mean H2/H20 ra t io  in the atmosphere of 10 near the Earth's surface could 
have been established (Ringwood, 1975a). In this  case, FeS and FeO could 
have been d i rec t ly  accreted as components of s i l i c a t e s ,  a t  temperatures 
high enough to evaporate Cr, Mn, Na and other vo la t i le  elements.
Reduction of oxidized iron would thus have been controlled by hydrogen 
rather  than carbon. Instead of a f e r r o s i1 icon-rich core, the l igh t  
element would be sulphur in this case.
Ringwood (1977b, 1979) admitted that  the modified Single-Stage 
Hypothesis is somewhat contrived, although i t  can in theory answer some 
of the objections to the model in i t s  original form.
Revised Homogeneous Accretion Model:
Later modifications to the Homogeneous Accretion Hypothesis (Ringwood, 
1977a,b, 1979), involved accumulation of the Earth from a homogeneous 
mixture of planetesimals ranging from low-temperature condensates 
resembling Cl chondrites, through to high-temperature reduced, iron-rich,  
devolati l ized condensates. In order to simplify matters, th is  mixture 
of material which condensed in d if fe ren t  P-T zones of the solar nebula has 
been expressed in terms of two end-member compositions: "A", a low- 
temperature, oxidized, vo la t i le - r ich  component; and "B" a high-temperature, 
reduced, devolati l ized component. The composition of the two components 
are estimated in Table 8 (Ringwood, 1977b).
Ringwood (1977b) estimated tha t  the Earth accreted from material 
represented by a mixture of 10% A and 90% B, based on the abundance of 
non-siderophile vo la t i le  elements in the mantle, and 15% A and 85% B 
based on the amount of oxygen assumed to be required for the core. The
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TABLE 8
A (O rgueil),% B, %
M eta ll ic  Ni-Fe (-5% Ni) - 34.1
Si02 21.7 32.8
T i02 0.1 0.2
A1 20 3 1.6 2.8
Cr 203 0.35 0.2
MnO 0.2 0.1
FeO 22.9 -
NiO 1.2 -
MgO 15.2 27.7
CaO 1.2 2.3
Na20 0.7 -
K20 0.07 -
p2o5 0.3 -
h2o 19.2 -
Organic Compounds 9.7 -
S ‘ 5.7 -
Composition of Orgueil Cl Chondrite and o f a reduced, devo la t i l ized  
component condensing at elevated temperatures (~1000°C) in the solar nebula 
(Ringwood, 1977b). Abundances are expressed as percentages.
discrepancy may be due to the fac t tha t some of the v o la t i le s  in component 
"A" were evaporated in to  the atmosphere during accretion, and lo s t  from 
the Earth (Ringwood, 1979). The resu ltan t depletion gave a low estimate of 
the v o la t i le  elements present in the incoming mixture of planetesimals.
According to th is  Homogeneous Accretion Theory, the Earth accreted 
from a hierarchy of intermediate-sized bodies (up to 1000km in radius), 
planetesimals and dust. The i n i t i a l  planetesimals in the e c l ip t ic  plane 
may have extended to a few kilometers in radius, and th is  would be the 
maximum scale on which heterogeneities could be preserved in the bodies from 
which the Earth accreted. In the early  stages of accretion, when the 
amount o f energy released on impact of planetesimals was small, hetero­
geneities may have been preserved, and h ighly v o la t i le  elements from 
component A retained. But as the radius of the accreting Earth increased, 
strong trans ien t heating on impact caused evaporation of v o la t i le s .  High
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ve lo c it ie s  also caused fragmentation and mixing o f bodies, and o f components 
A and B.
The average near-surface temperature would probably have been 
s u f f ic ie n t ly  high to evaporate in to  the atmosphere H20 from component A. 
In fa l l in g  m e ta ll ic  iron would have reduced the water vapour, forming FeO 
and hydrogen. The hydrogen would have fa c i l i ta te d  continual blow-off 
o f the p r im it ive  atmosphere, by lowering the mean molecular weight. Also 
required would be the higher temperatures caused by the younger, more 
active Sun, and by the high trans ien t temperatures reached when the dust 
and planetesimals entered the atmosphere at high v e lo c it ie s .  Most of the 
FeO incorporated in to  accreting ferromagnesian s i l ic a te s  would have been 
derived from the water vapour plus metal reaction , rather than d ire c t ly  
from component A (Ringwood, 1977b).
Most o f the v o la t i le s  from component A which had been evaporated 
in to  the atmosphere recondensed (e.g. a lk a l i  metals, Pb, T1, Bi e tc . ) .
Only the most highly v o la t i le  (e.g. H2, H20, CH4, C02, CO, N2, NH3, H2S and 
in e r t  gases) remained in the p r im it ive  atmosphere.
In order to permit melting o f metal to form the core, without greatly  
melting the Earth's mantle, a component is needed to lower the melting 
point o f the iron metal re la t iv e  to the s i l ic a te  phase. A " l ig h t "  element 
is  required in the outer core by geophysical evidence. In Chapter 6 
possible l ig h t  elements fo r  the core are discussed, and oxygen is concluded 
to be the best candidate. At very high pressures i .e .  great depths (1500- 
2000km), FeO would be soluble in molten Fe metal, and would depress the 
solidus temperature re la t iv e  to the melting point o f pure iron . I f  oxygen 
is the l i g h t  element in the core, higher oxygen fugacity  in the mantle 
might have resulted, which could explain the "overabundance" o f siderophile 
elements and high Fe3+/Fe2+ ra t io  in the mantle.
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Core segregation beginning at great depth would cause convective or 
d iap ir ic  uprise of the residual silicate-oxide phase, and replacement by 
dense FeO-rich silicates from the upper mantle. This cycle would be 
maintained until a l l of the metal entered the core.
One of the chief advantages of the revised Homogeneous Accretion 
Hypothesis is that i t  can explain the "overabundance" of siderophile 
elements and the "high" Fe3+/Fe2+ ratio  in the upper mantle. The oxygen 
fugacity in the Earth's mantle may have been increased by equilibration 
with Fe-FeO solutions compared to molten Fe, prior to and during core 
formation (Ringwood, 1977a,b). I t  is also possible that FeO pa rt ia l ly  
disproportionated in the deep mantle to form Fe3 0 4 (high pressure polymorph) 
plus Fe metal. Perovskite (Mg0. 88Fe0<1 2 ) S i 0 3 may have equilibrated with 
the Fe304(hpp) so that i t  contained some Fe203. After the metallic 
(Fe-0) solution segregated into the core, convection could have returned 
Fe3+ bearing perovskite to the upper mantle, thus increasing the oxidation 
state there even more. Higher f (0 2) would have increased the equilibrium 
amounts of siderophile elements which partitioned into mantle s il icates.
The Revised Homogeneous Accretion Model can accommodate either a 
short, or a long (e.g. 107-108 yrs) timescale of accretion. Accretion 
timescale is not restricted to within the timescale of nebula dissipation, 
because the hydrogen needed to fa c i l i ta te  atmospheric blow-off is not 
turbulently admixed from the nebula, but derived by reduction of water 
vapour during accretion. Also, even though a long timescale of accretion 
would not result in such high temperatures in the Earth as a short 
timescale, metallic iron could s t i l l  melt and segregate into the core 
due to the fact that oxygen in solution with the metal depresses the 
melting point.
The strongest argument against straightforward homogeneous accretion
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is that some siderophile elements, the highly siderophile group (e.g.
Au and the Pt-group), appear to have greater dispersions in mantle-derived 
ultramafic rocks. Similarly, Craig and Upton (1976) found large dispersions 
of inert gases in oceanic tholeiites.
5.3 "HYBRID" MODELS
Most of the discussion so far has assumed the existence of end 
solutions in order to simplify an otherwise very complex situation: 
planetesimal sizes and compositions, and the resultant scale of mixing 
of components were treated in this way; and each of the accretion 
hypotheses assumes operation of only one distinct mode of accumulation.
It  is possible though, that in the real case, elements of more than one 
model are involved.
In a discussion of the revised homogeneous accretion hypothesis, for 
instance, Ringwood (1979) allows the possibility that during the early 
stages of accretion, when gravitational potential energy (GPE) was low, 
pianetesimals possessing heterogeneous compositions up to a few kilometers 
in size, might not have been devolatilized or disintegrated and remixed, 
on impact. He suggested that this could explain the large dispersions of 
Au, Pt-group metals in mantle-derived rocks and of inert gases in oceanic 
tholeiites observed by Craig and Upton (1976).
Similarly, Ringwood (1975, 1979) considered the possibility of an 
element of heterogeneous accumulation as an explanation for the origin of 
the "D" layer (the lower 200km of the mantle). A late, low density ta i l  of 
bombardment might have provided the cooling Earth with a thin, oxidized, 
cool and rigid veneer of approximate chondritic composition. The density 
of such a veneer would be greater than the mantle, owing to its  higher 
FeO content, anditwould therefore be likely to sink to the base of the
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mantle. Chou (1978) explains the rat ios  of highly siderophile elements 
in the mantle as being due to mixing of a chondrit ic bombardment a f t er  
core formation. The wide dispersion of abundances of Au, Pt-group 
elements implies that  mixing of the layer must have been i ne f f i c i en t ,  i f  
i t  did occur.
5.4 SIDEROPHILE ABUNDANCES IN THE UPPER MANTLE
I t  has been assumed for the sake of argument, that  there is indeed a 
difference between the dispersions of moderately siderophile (e.g.  Ni and 
Co) and highly siderophile elements (e.g.  Au and P t ) . In this  sect ion,  that  
assumption will be checked.
Compositional heterogeneity between Iherzol i te  xenoliths from di f ferent  
volcanic centres was reported for Au, Re, Os, I r ,  Pd (Morgan and Wandless, 
1979), Au (Ivanov e t  a l . ,  1978), Pt,  Pa (Yushko-Zakharova and Ilupin,  1973), 
Re (Ilupin e t  a l . ,  1975), Au, Pd, Ir  (Paul e t  al . ,  1977). On the other 
hand, low dispersions are found for Ni, Ge, Zn, I r ,  (Morgan and Wandless, 
1979), and Co, Ni, Ga and Zn (Jagoutz et  a l . ,  1979). The data of Jagoutz 
e t  a l . (1979) is especial ly s igni f icant  because they went to great  lengths 
to study only "primitive" Iherzol i te  xenoliths ( i . e .  those from which 
l i t t l e  or no basal t ic  components had been removed). Au in these primitive 
samples showed a low dispersion,  having re la t ive  standard deviation of 
only ±14%. I t  may be that  the variat ion reported by other workers is due 
largely to thei r  choice of samples which are not true representat ives of 
the primit ive mantle. Chou (1978) found that  the rat ios  of siderophile 
element/Ir ,  normalized to Cl chondrites formed two d i s t inc t  groups.
Iridium was used for normalization because i t  is an immobile, ref ractory,  
siderophile element, and has been accurately determined. Some elements 
(Ru, Rh, Pd, Re, Os, I r ,  Pt,  and Au) re la t ive  to Ir  fal l  within only a
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factor of 4 of chondrites; whereas ratios of other elements (Co, Ni,
Cu, Ga, Ge, As, Mo, Ag, Sn, Sb and W) to Ir, vary from 8 to 120 times 
chondritic. With the possible exception of Pd, the noble metals (Ru, Rh,
Pd, Re, Os, Ir, Pt and Au) have silicate/Fe metal ratios of less than 
5 x IO-4 (Ringwood and Kesson, 1972). The other group is not so strongly 
siderophile with distribution coefficients varying from .0006 to .02.
Chou (1978) proposed that metal segregation and core formation 
extracted the "highly" siderophile elements very efficiently, but not so 
the "moderately" siderophile group. Moderately siderophile elements 
remained in the mantle at approximately present levels, so when a late 
bombardment of chondritic material occurred, the concentration of noble 
metals in the mantle was enhanced; but the effect on concentration of 
moderately siderophile elements was limited due to the high indigenous 
background levels. The indigenous abundances would have been altered by 
30% for Ge, 8.6% for Ni, and about 2-8% for the other elements during influx 
of 1% chondritic material (Chou, 1978). The non-chondritic ratios of 
Ni/Ge, Ni/Au in the upper mantle (Ringwood, 1977b, 1979; Ringwood and 
Kesson, 1977) are explained by equilibrium between metal and silicate 
particles, controlled by oxygen fugacity, pressure and temperature.
If the highly-siderophile group of elements do indeed show a large 
dispersion in abundances, then this would imply that the mixing of the 
late meteoritic component is highly inefficient, and so if  Ge is altered 
by about 30% of its indigenous concentration (Chou, 1978), one would 
expect to see a greater variation in the abundance of Ge in mantle-derived 
samples. Instead, Ge seems to be extremely uniform in terrestrial 
rocks (e.g. Delano and Ringwood, 1978a).
Most of the trace elements for which higher dispersions were found 
are moderately volatile (Cu, Mn and Zn). I t  is possible that they were
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introduced to the upper mantle by a mechanism d i f fe r in g  from tha t which 
introduced the more re frac to ry  elements. Perhaps high trans ien t temperatures 
during planetesimal impact evaporated the more v o la t i le  elements in to  the 
p r im it ive  atmosphere, and whatever mechanism f in a l ly  introduced them to 
the mantle when they had recondensed, was a less e f f ic ie n t  mixing process 
than d ire c t  accretion of the in v o la t i le  elements.
5.5 SUMMARY OF ACCRETION MODELS
The s a l ie n t  features of the various accretion hypotheses are l is te d  
below. The heterogeneous accumulation model is bas ica lly  accretion of 
material tha t changes in composition with time, and with fa l l in g  
temperature in the solar nebula. The re s u lt  is a heterogeneous Earth, 
zoned according to increasing v o la t i l i t y  outwards. The Single-Stage 
Model proposes tha t the Earth accreted from homogeneous material which had 
equ il ib ra ted  w ith solar gases at low temperatures. The resu ltan t 
s truc ture  o f the Earth, however, is i n i t i a l l y  heterogeneous, progressing 
from an oxidized nucleus to reduced outer regions, as the radius, accretional 
energy, and therefore temperature, increase. Homogeneous accretion involves 
accumulation of material from d i f fe re n t  P-T regions of the solar nebula, 
but which are probably well-mixed to a f a i r l y  small scale.
The Homogeneous Accretion Model seems best able to s a t is fy  the 
boundary conditions fo r  the o r ig in  of the Earth, notably the homogeneity 
in fe rred fo r  the upper mantle with respect to compatible major and trace 
elements. The Heterogeneous Accretion Hypothesis, on the other hand, cannot 
read ily  answer several serious objections.
I t  is possible that an element of heterogeneous accretion operated 
e.g. a la te  in f lu x  of chondrit ic  material (Chou, 1978) or i n i t i a l  accretion 
o f a v o la t i le - r ic h ,  heterogeneous layer while the accretional energy released 
was low (Ringwood, 1979).
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CHAPTER 6. POST-ACCRETIONAL PROCESSES 
6.1 CORE FORMATION
The processes involved in core formation are an extremely important 
aspect of the origin of the Earth. This is so for several reasons: any
theory of the accretion of the Earth must obviously be able to account 
fo r the formation of the core, and do so at an appropriate time in the 
history of the planet; secondly, metal segregation w ill greatly a ffect 
the ultimate abundance of siderophile elements in the mantle i f  metal and 
s ilic a te  particles are in equilibrium; th ird ly  extraction of siderophiles 
to the core, and then the convection established by core formation may 
affect the dispersion of siderophile and other elements in the mantle; and 
f in a lly ,  the thermal energy released by core formation would have played 
an important role in the Earth's thermal and dynamical history.
Geophysical constraints (Birch, 1962, 1963, 1964, 1965; Anderson 
et a l . ,  1971; McQueen and Marsh, 1966; Brett, 1976), along with 
cosmochemical evidence ( i.e . the abundance of Fe in the nebula in contrast 
to other candidates) provide strong indication that the core is mainly 
composed of metallic iron, with some nickel, and that there is 5-15% of 
some lig h t element in the outer core (e.g. 0, S, Si, C, N, K, Mg, H or a 
combi nation).
Sulphur and Potassium in the Core
Depletion of S in the Earth re lative to other more vo la tile  elements 
led Murthy and Hall (1970, 1972) to suggest that i t  had segregated into 
the core. They claimed further support from the iden tifica tion  of FeS 
in various chondrites (regardless of the oxidation state or composition of 
the meteorite).
I f  K (and Rb and Cs) are chalcophile under appropriate conditions, they
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also would be drawn into the core. Lewis (1971) and Goettel and Lewis 
(1973) attempted to prove such chalcophile behaviour of potassium by 
analogy with meteorit ic and metallurgical systems. These observations 
are , however, i r re levant  to the deep mantle s i tua t ion  (Oversby and 
Ringwood, 1972, 1973; Brett ,  1976). I t  is unlikely that  in the deep 
mantle K would enter FeS, but would probably have a higher a f f in i ty  for 
oxygen (Ringwood, 1977a).
One of the most serious objections to having sulphur as the chief 
l ig h t  element in the core is tha t  i t  is not depleted in the bulk Earth 
r e la t iv e  to other non-siderophile elements which are less vo la t i le  (Rb,
K, Na, Cs, Cr, Mn, F, Zn, Cl). In ordinary chondrites, for example, about 
80% sulphur was lo s t  while Na, K, Rb, Mn and Cr were retained to a much 
greater degree (Ringwood, 1977a). Over 40% of the primordial abundance of 
S must have condensed i f  i t  is indeed the l igh t  element in the core 
(Ringwood, 1979).
The condensation of sulphur in the solar nebula is controlled by the 
equi1ibriurn:
Fe + H2S = FeS + H2 K = H2/H2S
If  the H2/H2S ra t io  in the bulk system were reduced by factors ranging from 
100-300, FeS could be condensed at  temperatures at  which other normally 
less vo la t i le  elements such as Cr, Mn, Na, K e tc .  are present in the 
vo la t i le  phase. For th is  fractionation to occur, oxidized, vo la t i le - r ich  
dust p a r t ic le s  in which sulphur was ful ly  condensed must have been 
concentrated re la t ive  to the gas in the nebula by sedimentation and 
coagulation (Ringwood, 1977a). The nebula must in this  case have been 
i n i t i a l l y  cold (<<0°C). The Earth would have formed from the dust-enriched 
part  of the nebula.
These conditions are, however, r e s t r i c t iv e  (Ringwood, 1977a), and
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require the Earth to have formed c h ie f ly  from material resembling Type 1 
carbonaceous chondrites. The reasons fo r  favouring accretion of the Earth 
from a mixture of condensates represented by 15% of a 1ow-temperature 
condensate and 85% of a de vo la t i l ized , high-temperature component have 
already been discussed in Chapter 5.
S il ico n  in the Core
Ringwood (1959, 1958, 1960, 1966a,b) proposed that Si could be the 
l ig h t  element in the core. This suggestion was made w ith in  the context of 
the Single-Stage Accretion Theory. According to the theory, in the la te r  
stages o f accretion the temperatures and in te n s i ty  of reduction would so 
increase as to reduce both iron oxide and s i l ic a te s  to th e ir  m e ta l l ic  
s tates. Thus, the la te condensates reaching the Earth's surface would have 
been c h ie f ly  composed of iron s i l ic id e  and nonvola ti le  oxides. Due to the 
high temperatures, the metal would have melted and segregated, also 
removing s i l ic o n  to the core.
Although Ringwood (1975) attempted to answer the problems raised in 
connection w ith the Single-Stage Model (e.g. Grossman, 1972; B re tt ,  1971, 
1976), the resu ltan t model is contrived (Ringwood, 1977a,b; 1979). Because 
o f the d i f f i c u l t i e s  from which the Single-Stage Model su ffe rs , the p la u s ib i l i t y  
o f s i l ic o n  as the l ig h t  element in the core is lessened.
Oxygen inthe Core:
Based on experimental resu lts  obtained by D is t in  et a l . (1971) i t  
seems tha t oxygen would become extensively soluble in molten iron a t high 
temperatures o f around 2000-3000°C and high pressures (Ringwood, 1977a).
Birch (1952) suggests that oxygen and several other elements might be 
present in the core. Dubrotsev and Pan'kov (1972) proposed that the outer 
core could be composed of about 60% l iq u id  m e ta ll ic  FeO plus 40% of n icke l-
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iron. Bullen (1973a,b) suggested an outer core of Fe20.
The chief objection raised against the suggestion that oxygen is the 
light element in the core is the same as for sulphur: the problem of
incorporating FeO into the Earth at temperatures needed to cause the 
depletions in elements less volatile e.g. Cr, Mn, Na, K, Cl and Zn 
(Grossman, 1972). One way to overcome the difficulty is i f  the H2/H20 
ratio in the solar nebula had been greatly reduced relative to the present 
value. An analogous argument was discussed for FeS accretion and the H2/H2S 
ratio. An in i t ia l ly  cold nebula is required, and fractionation of oxidized 
volati le-rich, low-temperature condensates from the gas (mainly H2) by 
sedimentation and coagulation.
A more plausible method of accreting FeO into the Earth is by means of 
a mixture of components derived from different P-T conditions in the nebula 
e.g. a high-temperature, reduced, devolatilized condensate, and a low- 
temperature condensate resembling Cl chondrites. This is the approach 
taken by Ringwood (1977a,b, 1979) in a revised version of the Homogeneous 
Accretion Theory, as discussed in Chapter 5.
According to this theory, during accretion, excess metallic iron from 
the high temperature (B) reacted with H20 from the low-temperature 
component (A), producing FeO and H2. At high pressures, deep in the 
mantle, some FeO was soluble in the metallic iron, lowering its  melting 
point relative to the sil icates ,  so that the oxygen-containing metal was 
able to segregate and sink to the core.
High pressures in the deep mantle are also believed to favour the 
disproportionation reaction: 4FeO = Fe304(h.p.p.) + eFe, where cFe is
metallic iron and Fe304 is the high pressure polymorph. Under such condi­
tions there may have been extensive dissolution of Fe304(hpp) in the molten 
iron (Mao, 1974).
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It  is concluded here that oxygen is most likely to be the chief light 
element in the core, although some sulphur may also be present. This is 
an important conclusion, as the process of introducing oxygen into the 
core could also result in a higher oxygen fugacity in the mantle, and the 
"overabundance" of siderophile elements and the "high" Fe3+/Fe2+ ratio in 
the mantle can be explained without having to resort to core/mantle 
disequilibrium.
Time of Formation of the Core:
Ringwood (1960), and Oversby and Ringwood (1971) argued that Pb- 
isotopes were in fact a record of approximate time of core formation rather 
than the total age of the Earth. The time between accretion and core 
formation was therefore probably less than 108 years.
An early core formation is a very important boundary condition for 
the Earth's formation. I t  is a serious deficiency of the original 
Homogeneous Accretion Model (Urey, 1952) that i t  predicts a late core 
formation (109 y rs ) .
The other accretion models predict earl ier core formation times: in
the Heterogeneous Accretion Model accretion of the core plus lower mantle 
occurs within 103-104 years; the Single-Stage Model involves accretion of 
the Earth in 106 years, and segregation of metal and rapid core formation 
( 103-107 yrs) at a late stage when gravitational potential energy released 
produces high temperatures; and in the Revised Homogeneous Accretion 
Theory, the accretion timescale may be short (106 yrs) or long (107-108 yrs).
Summary
The most likely candidate for the light element in the core seems to be 
oxygen, introduced as described in the Revised Homogeneous Accretion 
Hypothesis of Ringwood ( 1977a,b; 1979). Although silicon is another
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p o s s ib i l i t y ,  the Single Stage Model, in the context o f which the element 
was suggested as the l ig h t  element in the core (Ringwood, 1958, 1959, 1960, 
19661,b, 1973), faces several d i f f i c u l t i e s  which cannot eas ily  be overcome 
(Ringwood, 1977b, 1979).
The Revised Homogeneous Accretion Hypothesis can s a t is fa c to r i ly  explain 
the "overabundance" o f s iderophile  elements, and the high Fe3+/Fe2+ ra t io  in 
the upper mantle, precisely because i t  involves in troduction o f oxygen as 
the p r inc ipa l l ig h t  element in the core.
6.2 HOMOGENIZATION PROCESSES 
Introduction
I f  homogeneity with respect to compatible elements is in ferred fo r  
the mantle, then there are several possible in te rp re ta t ions  (a) i t  may be 
a primary feature o f the mantle; (b) the cause may be so lid -s ta te  
d i f fu s io n ;  or (c) l iq u id -s ta te  d i f fu s io n ; and (d) convection may be 
responsible (Hutchison et a l . ,  1975; Hofmann and Hart, 1975, 1978; Hof­
mann and Magaritz, 1978; Ringwood, 1979). I t  is  necessary to show that 
the scale o f observation of degree of heterogeneity l ie s  outside the 
scales o f operation of remixing processes, before i t  can be concluded 
tha t chemical un iform ity is an o r ig ina l feature of the mantle (Hofmann and 
Magaritz, 1978).
D iffusion
The region of the upper mantle where S wave v e lo c ity ,  and perhaps 
also P wave ve lo c ity  pass through a minimum may be a region containing a 
small degree o f p a r t ia l  melt. The region is  known as the low ve loc ity  
zone (L .V.Z. ) ,  and fo r  i t  to be pers is ten t over geological timescales, 
with a homogeneous d is t r ib u t io n  of melt, a melt f ra c t ion  only on the order
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of  1.0-0.1% is  allowed (Walker et  a l , 1978). This can s t i l l  explain the 
seismic propert ies of the zone (Anderson and Spetzler, 1970). The 
assumption behind th is  is ,  however, that the melt occurs as f i lm s ,  or in 
cracks, but Waff and Bulau (1977) propose tha t  the geometry is that of 
tubules on 3-grain contacts, which may require at l i t t l e  more melt 
(Walker e t  al , 1978). However, d i f fus ion  is un l ike ly  to be s ig n i f ica n t  on 
a large scale i f  the melt does not provide a s h o r t - c i r c u i t  around grains.
I t  has been suggested that on a regional (km) scale, d i f fus ion in 
conjunction with convection could homogenize the mantle (O'nions and 
Pankhurst, 1974). But assuming the d i f f u s i v i t i e s  of d ivalent  cations in 
p e r id o t i te ,  composed dominantly of  o l iv in e ,  are of  the order of  D = 10“ 13 
to 10“ 14 cm2/sec . ,  (Hofmann and Hart, 1978), T = 1000°C-1200°C, and using 
the re la t ion  x = (Dt)*5-where x is the transport distance, t  is time, and 
D the d i f fu s ion  co e f f i c ie n t ,  the cha rac te r is t ic  distance at which so l id -  
state d i f fu s ion  could occur is 10-15cms in 10s-109 yrs. Clark and Long 
(1971) found a value of  D = 10"14cm2/sec fo r  Ni2+ d i f fus ion  in o l iv ine  
at 1149°C.
Thus, local d isequi l ibr ium could ex is t  in the mantle s i l i ca tes  with 
respect to d iva lent  cat ions, and be maintained to the present day in a 
so l id  mantle (Hofmann and Hart, 1978).
When a basal t ic  melt is  present, a short c i r c u i t  is provided fo r  
d i f fus ing  cat ions, which appl ies even when the melt is only a thin f i lm ,  
wett ing the grain boundaries. I f  a d i f fus ion  c o e f f ic ie n t  of D = 10“ 6 - 10"7 
cm2/sec is assumed, which is  typ ical of d i f fus ion  in dry basalt ic  melts, a 
volume of  mantle of  the order of 1km would be homogenzied in 109 years 
(Hofmann and Hart, 1975; Magaritz and Hofmann, 1977).
Watson (1979) found d i f f u s i v i t i e s  fo r  Cs in wet g ran i t ic  melts 3 
to 4 orders of magnitude higher than fo r  dry systems, resu l t ing  in 30-100
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times greater transport distances. If transport distances of cations in 
the presence of a wet basaltic melt are increased by up to 100 times, then 
the mantle could be homogenized on scales up to 100km in 109 years.
The existence of phlogopite and amphibole in mantle-derived Iherzolite 
xenoliths shows that H20 may be present in the mantle, but not necessarily 
in more than minor amounts. Natural basalts themselves do not contain 
great amounts of H20.
Perhaps the strongest argument against increased diffusivities of 
cations due to the presence of H20 in the upper mantle is the fact that 
heterogeneities have been preserved on various scales. Apart from the 
comparitively small primary heterogeneities implied for the elements 
studied here (e.g. A1, Cr, Mn and Zn) there is also evidence,from basaltic 
rocks, of heterogeneities persisting in the mantle over geological 
timescales. For example, mantle heterogeneities have been inferred for 
Rb, Pb and Sr-isotopes (Hofmann and Hart, 1975; Brooks and Hart, 1978), 
Nd-Sm isotopes (De Paolo, 1979; O'Nions et a l ., 1979), volatile gases 
such as H, F and Cl (Bailey, 1978; Schilling, 1978) and various 
incompatible elements such as Ba, Ti, Na and REE (Langmuir and Hanson, 1978; 
Macdonald, 1978; Morrison et a l , 1978; Vidal et a l , 1978). Some of
these heterogeneities e.g. the Rb-Sr isotopes, appear to have persisted for
up to 3 billion years (Hofmann and Hart, 1975). Had H20 in the mantle 
significantly increased the diffusivities of these elements, diffusion 
plus convection may have been rapid enough to remove or drastically 
reduce the heterogeneities in 3 billion years, on any scale of observation.
Equilibration of a partially molten mantle by diffusion can occur 
significantly on a local, cm-scale in either case (in a dry system or a
wet system). If the melt is dry, equilibration would be inefficient on a
km-scale, and negligible on the order of a few kilometers.
96
Extensive mixing may also occur w i th in , but not between, r is in g  
d iap irs  where very large shear s tra ins  are found (Hofmann and Hart, 1975).
Convection
I f  the cha rac te r is t ic  length-scale of convection d i f fe rs  by several 
orders o f magnitude from d i f fu s io n ,  the two processes can be viewed as 
operating independently (Hofmann and Magaritz, 1977). The most common 
view has been tha t mantle convection involves ce l ls  of about 700km 
(McKenzie and Weiss, 1975), but recently , whole-mantle convection, which 
would involve ce l ls  o f 3000km depth has gained in popularity  (Davies,
1977; Elsässer et a l . ,  1979). The time fo r  one convective turnover of 
the mantle is assumed to equal about 108 years (Hofmann and Magaritz, 1977;
Elsasser e t a l . ,  1979).
Even i f  a convection ce l l  of 500km is accepted, the d iffe rence between 
transport distances fo r  convection and d if fu s io n  in a dry basa lt ic  melt is  
at least 3 orders o f magnitude. Therefore, i f  an intermediate scale of 
inspection o f 10-100km is chosen, mixing due to convection plus d if fu s io n  
should be in e f f ic ie n t  i .e .  regional d isequ ilib r ium  should be maintained 
(Hofmann and Hart, 1975; Hofmann and Magaritz, 1977; Ringwood, 1979). In 
the real case, the convection ce l ls  may be la rge r, and so heterogeneities 
could probably have been preserved on scales greater than 100km.
The scales o f observation chosen fo r  th is  study cover several cases: 
on a local scale, nine samples were analyzed from one lo c a l i t y ,  Mt. Shadwell, 
and four from Lake Bullen M e rr i , V ic to r ia ;  on the 10-100km scale, there 
are three main regions in Eastern Austra lia  from which samples were obtained 
(the Newer Volcanics of South-Western V ic to r ia ,  the north coast o f Tasmania 
and North Queensland); samples from world-wide lo c a l i t ie s  cover the 1000 
o f kms scale.
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CHAPTER 7. IMPLICATIONS OF THE DISPERSIONS
I t  was concluded in section 6.2 that  on a scale of 10-100km at  l e a s t ,  
the e ffec ts  of combined diffusion in the presence of a small degree of 
basa l t ic  melt,  plus convection, would be in e f f ic ien t  in mixing primary 
heterogeneit ies .  On th is  scale, and indeed on others, dispersions (as 
measured by re la t ive  standard deviation of the mean at  a confidence level 
of 2a) were found to be low, and to be of similar  magnitudes on most 
scales of observation.
Accretion of the Earth from a mixture of two components i . e .  15% A, a 
low-temperature material resembling Cl chondrites and 85% B, a high- 
temperature, devola t i l ized ,  reduced condensate would produce a bimodal 
d is t r ibu t ion  in the abundances of elements, assuming that  no mixing occurred 
during accretion. For example, the Earth 's complement of zinc, a vo la t i le  
element, would be almost enti rely  contained in the 15% of component A.
As the degree of mixing improved, the bimodal d is t r ibut ion  would begin to 
merge to form a single peak between the two, and the more e f f i c ie n t  the 
process, the smaller the spread of values about the peak.
In the real case, of course, there may have been a continuous range 
of components corresponding to a continuous temperature range in the 
nebula, and so the dis t r ibut ion  of abundances in the Earth would no longer 
be bimodal, but involve many peaks.
Frequency histograms of the abundances of major and minor elements 
show no such d is t r ibu t ions  (Figs. 10 and 11). They show single peaks 
with f a i r ly  small spreads compared to that expected. Say, for example, 
component A contains 350ppm Zn (Wanke e t  a l . ,  1974) and component B 
contains no zinc. The more ineff ic ien t  themixing process, the closer 
would be the spread of abundances to spanning the whole range of values 
between zero and 350ppm Zn.
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The example o f zinc was chosen because the s itua t ion  becomes more 
complex when siderophile  elements are chosen. Core formation would 
ex trac t s iderophile  elements, possibly with varying degrees of e f f ic ie n cy  
(Chou, 1978). As the exact de ta ils  o f s iderophile  element extraction to 
the core are unknown i t  is d i f f i c u l t  to ascertain how i t  would a f fe c t  the 
dispersions.
The fa c t  tha t the abundances of the elements show f a i r l y  small 
spreads about the mean is fu r the r accentuated by taking in to  consideration 
the e ffec ts  o f varying degrees o f p a rt ia l  melting and ana ly tica l e rro r.
For most elements, both major and trace, the dispersions may, in p r in c ip le ,  
be la rge ly  accounted fo r  on the basis o f these two fac tors . This is not 
to say tha t there were no primary heterogeneities with respect to these 
elements, but i t  is  suggested that they were considerably less s ig n if ic a n t  
than is indicated by merely measuring present varia tions in abundances.
P art ia l melting equations, employed fo r  the case o f n icke l,  suggested 
up to 20% p a r t ia l  melting has occurred in the rocks. However, 20% 
va r ia t ion  in modal mineralogy does not necessarily mean that the p r im it ive  
mantle underwent from 0 to 20% degrees of melt ing, which was la te r  
sampled by lh e rz o l i te  xenoliths. I f ,  fo r  example, the accretion o f the 
Earth produced primary heterogeneities in the modal abundance o f 
clinopyroxene, not only modal va r ia t io n , but also many of the corre la t ions 
between major oxides and MgO in the bulk could be explained. Some of the 
lh e rz o l i te  xenoliths which are r iche r in clinopyroxene may be the re su lt  
p f  vein in je c t io n .  Sample IF 28 is a lh e rz o l i te  w ith c linopyroxenite 
bands. Some samples may be cpx-rich fragments from an area of overall 
lh e r z o l i t i c  composition. Furthermore, in some cases, cpx and/or spinel 
may exsolve as the xenolith  reequ ilib ra tes under lower temperatures.
Despite the above p o s s ib i l i t ie s ,  i t  is considered here that the major
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oxide versus MgO trends are indicative of major oxide variation with 
varying degrees of partial melting. The fact that the variation is smaller 
in samples which are least depleted or virtually barren, than in Iherzolite 
xenoliths which are transitional between the two groups (Jagoutz et a l ., 
1979) suggests that the trends are not merely an ar t ifact  produced by 
primary mineralogical heterogeneity in the mantle.
FeO and MgO dispersions in the bulk, and Co and Ni dispersions in 
olivine are particularly low, especially when analytical error, and in the 
case of Ni and Co, the effects of partial melting, are taken into 
consideration.
Mn, Zn and Ge variations are too high to explain purely by partial 
melting and analytical error. These three elements have partition 
coefficients close to one, and will be fractionated only slightly during 
partial melting.
Chromium and Cu show quite large dispersions (about Sr(2a) = ±100%).
The variation of Cr crystal/liquid partition coefficients with oxygen 
fugacity makes i t  d iff icult  to choose an exact value. Spinel contributes 
a large proportion of Cr to whole rock, and the spinel crystal/liquid 
partition coefficient for Cr is probably between 70 and 100. The large 
dispersion of this element in olivine and the other phases may be due to 
their being in equilibrium with spinel. A large proportion of the Cu 
variation is probably due to the presence of Cu-sulphide contaminants.
A1203, Cr203, CaO and Na20 abundances in the bulk all show fairly 
high dispersions. These oxides are expected to vary considerably with 
different degrees of partial melting.
Germanium is one of the most important elements to study, because i t  
has a bulk crystal/1iquid partition coefficient of approximately one: i t
will therefore not be fractionated during partial melting processes.
This is i l lustrated by plotting Ge versus K in terrestria l rocks (Delano
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and Ringwood, 1978). The ratio is nearly constant. Ge abundances in 
lherzolite xenoliths show a relatively low dispersion also, suggesting 
that the uniformity of lherzolite nodules derived from the mantle is 
basically a primary feature of the Earth.
The difference in dispersions between the elements is probably 
largely due to their behaviour during crystal-1iquid fractionation processes. 
Si02, MgO and FeO all have exceptionally low dispersions (< ± 20% at a 2a 
level), whatever the scale of observation. For instance, on the 10-100km 
scale, olivine shows the results ±0.2% for Si02, ±8.4% for FeO, and ±1.9%
for MgO. On the other hand, elements that tend to concentrate in the 
liquid (Al, Ca, Na) or in the solid show much greater variability: A1203 
is ±82.2% in orthopyroxene, ±54.3% in clinopyroxene, and ±36.4% in spinel; 
Cr203 is ±40.8% in orthopyroxene, ±26.8% in clinopyroxene, and ± 47.6% in 
spinel.
If the Earth showed a simple distribution of elements, and a small 
spread in abundances, at an early stage in the Earth's history i .e .  before 
diffusion plus convection could have operated, and before partial melting 
could have increased the variation, then the solar nebula becomes a likely 
site for the mixing of components. Planetesimal collision, disruption, 
and la ter ,  impact on the Earth's surface may have been severe enough to 
cause this efficient mixing. Indeed i t  is hard to envisage any large-scale 
heterogeneities surviving such events, and i f  they had, why they should 
not form strata in the Earth.
The Single-Stage Hypothesis (e.g. Ringwood, 1975) has great difficulty 
explaining the findings of this study: according to this model, most of
the volatile and siderophile elements, and oxidized iron, now present in 
the mantle are introduced to the mantle by mixing a cool nucleus formed in 
the early stage of accretion. This nucleus, which is similar to Cl chondritic
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material, is displaced by sinking metal drops during core formation.
Although homogeneity on a small, cm-scale is irre levant to the problem 
- i t  may easily have been achieved by diffusion - and homogeneity on the 
scale of 100's of kms may be explained by convection, i t  is not clear that 
on a scale of observation of 10-100km, mixing by s tirr in g  due to core­
formation could be so e ffic ie n t. Even i f  the lik e ly  increase of dispersions 
due to variable degrees of partia l melting are ignored, the efficiency 
required is s t i l l  fa ir ly  high. For example, nickel, ignoring probable 
enrichment in residual phases with increasing degrees of melting, would 
vary by only ±14% of the mean (at a 2a level of confidence).
Ringwood (1975) responded to evidence that the dispersion of FeO in 
mantle-derived rocks was less than that of siderophile elements by 
proposing two separate modes of introduction. Siderophile elements were 
s t i l l  derived from the cool, oxidized nucleus, but FeO was accreted 
d irec tly  because either there was in su ffic ie n t carbon to reduce a ll 
incoming FeO + Fe203 + H20, or the H2/H20 ra tio  near the Earth's surface 
was maintained at about 10.
The Nebula Condensation/Heterogeneous Accretion Theory, sensu s tr ic tu , 
(e.g. Turekian and Clark, 1969) cannot explain the low dispersions of 
compatible elements in the upper mantle. This early form of the model 
involved not jus t heterogeneous accretion of a core plus lower mantle, but 
an upper mantle layered according to v o la t i l i ty  i.e . the condensation 
sequence in a solar gas. The in it ia l structure of the upper mantle would 
have been layers progressively less vo la tile  with increasing depth.
Lherzolites brought to the surface have sampled the upper mantle at 
d iffe ren t depths, and the results of th is study suggest that the vertical 
heterogeneity can largely be explained by varying degrees of partia l 
melting. Even i f  the vertica l layers of a heterogeneous upper mantle had
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been mixed by convection, assuming that convection could s t i l l  occur in 
a stably strat if ied Earth, the process would not have been efficient enough 
to explain the low dispersions.
Later versions of the Heterogeneous Accretion Theory (e.g. Clark 
et a l . ,  1972) do indeed take this evidence into consideration, by postulating 
homogeneous accretion of the upper mantle only, above a core/lower mantle 
system which accreted heterogeneously according to the condensation sequence 
in a gas of solar composition. Other arguments against the Heterogeneous 
Accretion/Nebula Condensation Hypothesis have been discussed in Chapter 5.
If i t  is true that the highly siderophile group of elements (Au, 
Pt-group) have approximately chondritic ratios relative to iridium, and 
wider dispersions than the moderately siderophile group, then late bombard­
ment by low-temperature matter resembling Type 1 chondrites is implied 
(Chou, 1978), and the mixing of this material may be quite inefficient.
The effect on the dispersions of the moderatly siderophile elements would 
not be very large except perhaps for germanium which has a stronger 
affinity for metallic iron than others in this group.
Summary:
The absolute abundances and dispersions of some compatible major and 
trace elements in mantle-derived Iherzolite xenoliths are best explained by 
homogeneous accretion as in the model of Ringwood (1977a,b, 1979). The 
Single-Stage Model (Ringwood, 1959, 1960, 1966a,b, 1975) and the Hetergeneous 
Accretion Model, sensu str ictu (e.g. Turekian and Clark, 1969) both have 
difficulty explaining the low dispersions of certain elements in the upper 
mantle. Later versions of the Heterogeneous Accretion Model (e.g. Turekian 
and Clark, 1969; Clark et a l .,  1972) can, in principle, explain the low 
dispersions, but not the absolute abundances of siderophile elements in
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the upper mantle.
The results of this study neither confirm, nor deny the possibil ity  
that an element of one or other of the alternative models may have 
contributed to the predominantly homogeneous accretion of the Earth.
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CHAPTER 8. SUMMARY AND CONCLUSIONS
Low dispersions, as measured by the relative standard deviation of 
the mean, of abundances of elements with a variety of properties, were 
inferred to be a primary feature of the mantle. Some of these elements 
were siderophile, some lithophile, some volatile,  some refractory, some 
compatible, and some incompatible, and some showed several of these 
properties. Especially where the elements were slightly magmaphile (A1,
Ca, Na) there was a higher dispersion. Copper tends to be concentrated in 
the liquid during partial melting, and in addition, is present as sulphide 
blebs in in te rs t i t ia l  heterogeneous s i l icate  glasses in the xenoliths, 
explaining the wider dispersion for this element.
Feasible variations in degree of partial melting which the samples 
might have undergone, would allow great enough changes in the abundances 
of most elements to account for the heterogeneity observed. As already 
mentioned, Ti, Na, A1, Ca and Cu tend to be concentrated in the liquid, and 
Ni, Co, and Cr in the solid residuum.
Manganese and zinc show a slight preference for the basaltic magma, 
but germanium is virtually unfractionated. Provided homogenizing processes 
such as convection and diffusion in the presence of a melt can be ruled 
out, then the low dispersion of Ge can be viewed as best representing the
degree of primary heterogeneity preserved during accretion.
Convection and diffusion were concluded to be inefficient on a scale 
of observation of 10-100km.
The scales of observation chosen here were: <10cm (a single nodule);
10cm to 1km (Mt. Shadwell only); lOkm-lOOkm, (the Newer volcanics of 
south-western Victoria); 100km to 1000km (an average of samples from New
South Wales, Tasmania, Victoria and South Australia, and another comprising
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the whole of Queensland); and greater than 1000km (European samples, 
Matsoku, San Carlos, Northern Queensland, and an average of samples from 
the more southerly states of Eastern Australia). Dispersions were 
slightly less on a scale of below 10cm, probably due to the greater 
efficiency of diffusion. Otherwise, there was no great variation in 
dispersions. The scales of 100-1000km and greater than 1000km certainly 
did not produce greater uniformity.
Having concluded that partial melting effects, plus analytical error 
were responsible at least for a large proportion of the chemical 
variabil ity, what remained was considered to be a product of mixing of 
components from different P-T regimes in the solar nebula. This mixing 
must have been very efficient,  at least on the 10-100km scale, which is 
not surprising considering the severity of collisions and impact during 
planetesimal formation in the nebula. Had heterogeneities persisted, 
despite th is ,  on a large scale, they would probably have led to stable 
s trat if icat ion in the mantle.
Mixing may not have been so efficient by whatever mechanism introduced 
the volatile elements to the mantle. The Homogeneous Accretion Hypothesis 
(Ringwood 1977a,b, 1979) is certainly consistent with the boundary condition 
inferred, that the mantle accreted homogeneously with respect to the 
elements studied, and from homogeneous material. Since i t  involves oxygen 
as the light element in the core i t  can also explain the absolute 
abundances of siderophile elements in the upper mantle, under conditions 
of equilibrium between metal and sil icates.
On the other hand, according to the Single-Stage Model (Ringwood, 1959, 
1960, 1966a,b, 1975) the siderophile and volatile elements, and perhaps 
also FeO were mainly introduced to the upper mantle when a cool nucleus of 
CCl-like material was displaced by iron metal sinking to form the core. It
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is hard to see how this mixing process could result in such low dispersions 
on the scales observed.
The Heterogeneous Accretion Model suffers from a number of serious 
objections apart from the chemical uniformity of the upper mantle. The 
data obtained in this study does imply homogeneous accretion of the upper 
mantle, and this is inconsistent with the Heterogeneous Accretion Model, 
sensu strictu (e.g. Turekian and Clark, 1969). The low dispersions of 
compatible elements in the upper mantle are, on the other hand, consistent 
with later modifications of the theory (e.g. Clark et a l .,  1972) which 
involve homogeneous accretion of the upper mantle, but heterogeneous 
accretion of the Earth as a whole. There are, however, many other reasons 
why even the modified version is considered here to be unlikely e.g. the 
"high" abundance of involatile elements (e.g. Ca, Al, Mg and Si) and 
siderophile elements (e.g. Ni and Co) in the upper mantle.
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A P P E N D I X  I 
ANALYTICAL TECHNIQUES
1.1 ATOMIC ABSORPTION SPECTROMETRY
1.1.1 Sample Preparation
S il ica te s  were decomposed in open te f lon  dishes, using a mixture of 
concentrated hyd ro fluo r ic , perch lo ric  and n i t r i c  acids, fo llow ing the method 
described by Langmyhr and Sveen (1965), Bernas (1967), Maxwell (1968) and 
Langmyhr and Paus (1970). The f in a l  so lu tion contained 5% n i t r i c  acid. 
Hansen and Hall (1977) recommend use of 0.4% CsCl 12% HC1 medium, but when 
tha t was attempted, prec ip ita tes  formed which did not appear with a n i t r i c  
acid medium.
Limited amounts of hand separated o l iv in e ,  orthopyroxene, clinopyro- 
xene and spinel were ava ilab le , and since the concentration of copper in 
these phases is  so low (1-14 ppm), in order to produce solutions w ith det­
ectable amounts, i t  was necessary to dissolve at least 200 mg of sample in 
about 10 gm f in a l  so lu tion.
Because spinels are not read ily  decomposed by normal acid treatments, 
one of several fluxes is required. In th is  case, spinel was digested in 
sodium peroxide. S intering of chromite on a large scale is carried out com­
m e rc ia l ly ,  the method being discussed by Corbett et a l . (1974). Na2 Ü2  
fusion is b r ie f ly  referred to by Maxwell (1968).
An excess o f sodium peroxide was fused with f in e ly  crushed spinel 
(less than 300 #) in a zirconium c ruc ib le , the fusion cake then leached out 
w ith hot water, neutra lized with concentrated HC1, evaporated and brought to 
volume at a 10% HC1 concentration.
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1 .1 .2  Reagents
HCl
hcio4
UNIVAR A.R. grade,  36% 
" " " 70%
NaCl
Na202
NaOH
B & A semi-conductor grade,  49% 
UNIVAR A.R. grade ,  69-71% 
PRONALYS A.R. grade,  97.5-100% 
AnalaR A.R. grade
II II
NH^-acetate
nh4f
PRONALYS A.R. grade 
MERCK A.R. grade
ii i i ii
Standard So lu t ions  : BDH lab .  reagen t  grade
Zirconium c r u c i b l e
1 .1 .3  Apparatus
Most samples were analyzed using a Varian Techtron AA-6 atomic absor­
p t ion  spec t rom ete r ,  al though some Cu, Zn values  were obta ined on the AA-4 
ins t rum ent .  Standard ope ra t iona l  procedures were followed according to the 
manual fo r  these  ins t rum ents .  The BC-6 automatic background c o r re c t io n  u n i t  
was used fo r  a l l  analyses  made with the  AA-6. Absorbance was recorded on a 
3-second i n t e g r a t i o n  mode.
1 .1 .4  Accuracy and P rec i s ion
Table 11 shows t h a t  th e re  is  good agreement between the values 
obta ined  fo r  various  s tandard  rocks in t h i s  study and "bes t"  values in the  
l i t e r a t u r e .  The s tanda rds  analyzed, and the  r e p o r t s  from which the  values 
a re  taken a re  BCR-1, DTS-1, PCC-1 (Flanagan, 1976; Abbey, 1977, 1978),
BHV0-1 (Flanagan, 1976),  JB-1 (Ando e t  a l . ,  1974) and UM-2 (Cameron, 1975).
Each sample and s tandard  provided s ix  absorbance readings  (from the 
one s o l u t i o n ) ,  f o r  each element analyzed. These were obta ined in two groups 
of  th r e e  read in g s ,  severa l  minutes a p a r t .  The reagen t  blank was checked 
r e g u la r ly  and adjustments  were made when necessary  to  counter ins trumenta l
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d r i f t .  In some cases  e .g .  most of the s tandard  rocks ,  two or th ree  s ep a ra te  
s o lu t io n s  were prepared fo r  a sample.
The two-standard  method of u l t im a te  p rec is ion  (VARIAN Analy t ica l  
Methods fo r  flame spec t roscopy) ,  with ap p ro p r ia te  s ca le  expansion in CONC 
mode was employed wherever p o s s ib le .
The mean r e l a t i v e  s tandard  dev ia t io n  has been c a lc u la te d  fo r  each 
e lement,  based on the s ix  absorbance values per s o lu t io n .  The r e s u l t s  are  
l i s t e d  below, as a percentage a t  a 2a confidence l e v e l .  The averages are  
obta ined  from so lu t io n s  of d i f f e r e n t  types e .g .  o l i v i n e s ,  s p in e l s .
As p rev ious ly  mentioned, the  concen t ra t ion  of copper was extremely  
low in the  m in e ra l s ,  and the amount of mater ia l  a v a i l a b l e  was r e s t r i c t e d ,  so 
f i n a l  sample so lu t io n s  were low in Cu, in f a c t  only j u s t  above the l i m i t  of 
d e t e c t i o n .  This expla ins  the  g r e a t e r  d ev ia t ion  in absorbance v a lues .  For 
a l l  e lements ,  a c o r r e l a t i o n  was observed between h igher  absorbance and b e t t e r  
p r e c i s io n .
Because the  s tandard  d ev ia t io n s  shown above are  based on readings  
from only s in g le  sample s o l u t i o n s ,  e r r o r s  due to sample handling (p r e p a ra t io n  
and t r a n s fe ren c e )  are  excluded. The values ins tead  r e f l e c t  in s trument s t a b i ­
l i t y  only .  I f  a mean value fo r  2a is  c a lc u la t e d  from r e p l i c a t e  an a ly se s ,  
t h i s  problem can be overcome. Unfor tuna te ly ,  only a few samples were p re ­
pared in r e p l i c a t e  : s ix  so lu t io n s  of one sample were examined fo r  z in c ,  
th ree  f o r  copper and two fo r  both c o b a l t  and n ic k e l .  The r e s u l t s  a re  shown
Sr(2a,%)
Co
Cu
Mn
Ni
Zn
± 9.8
± 11.4
± 2.7
± 4.8
± 5.0
below:
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Sr(2o,%)
Co ± 2.4
Cu ± 16.1
Zn ± 10.2
Ni ± 12.1
Despite the paucity o f rep l ica te  analyses, i t  can be seen th a t,  as 
expected, sample preparation and handling is a s ig n if ic a n t  source of e rro r 
in AAS analysis. I t  is considered here, however, tha t fo r  the purposes of 
th is  study, the accuracy and precision are o f an acceptable leve l.  Larger 
sample weights and larger d i lu t io n s  would be required in order to achieve 
be tte r precis ion.
1.2 SPECTROPHOTOMETRY
1.2.1 In troduction
Some values fo r  the abundance of cobalt were determined by (v is ib le )  
spectrophotometry, fo llow ing a procedure outlined by Kiss (1973, 1975), which 
entailed preparation of a coloured cobalt complex using 4-(3,5-dibromo-2- 
pyridylazo)-l,3-diaminobenzene. Samples had previously been prepared as des­
cribed in Section 1.1.1 on sample preparation fo r  AAS analysis.
1.2.2 Apparatus
The spectrophotometric determination o f cobalt was carried out on a 
UNICAM SP 500 Series 2 UV-Visible spectrophotometer.
1.2.3 S e n s i t iv i ty ,  Accuracy and Precision
The l im i t  o f detection fo r  cobalt when th is  method is used is 0.00048 
_2
pg Co cm (Kiss, 1975) on Sandell's scale o f reagent s e n s i t iv i t y  (Sandell, 
1959), which in these experiments is equivalent to 0.024 ppm Co.
Only one reading was acquired per sample, so precision cannot be det­
ermined in th is  case.
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The USGS standard rock, PCC-1 was analyzed for Co by this  method re ­
su l t ing  in a value 118 ppm Co, compared with 112 (Kiss, 1973; Abbey, 1978) 
and 110 (Flanagan, 1976).
Kiss (1975) found an average re la t ive  standard deviation, expressed 
as a percentage and a t  a 2o confidence level ,  of ±0.68%.
1.3 ELECTRON MICROPROBE ANALYSIS
1.3.1 Sample Preparation
All samples were analyzed by means of probing separated grains of the 
mineral grains mounted in epoxy discs ,  polished and coated with a carbon 
film. Where a more deta iled investigation was required e.g.  of zoning in 
the various phases, and of intergranular accessory phases, polished thin 
sections were prepared.
1.3.2 Apparatus
1 .3.2.1 TPD Electron Microprobe
Major and minor oxides were studied on the TPD electronprobe, accord­
ing to the method described by Reed and Ware (1973, 1975) and Statham 
(1976) for energy dispersive X-ray spectrometry. Accelerating voltage was 
15kV; beam current 3nA; and the counting interval was 100 sec. l ive  time 
a t  an output count rate  of about 4,700 c .p . s .  Data was reduced and printed 
out during analysis using the "OXIDE" program for probe analysis with a 
lithium drif ted  si l icon detector (Ware, 1978).
1 .3.2.2 A.E.I. Electron Microprobe
Trace abundances of Ni, Mn, Co and Cr in o l iv ine ,  Ni, Mn in pyroxenes, 
and Ni, Mn, Co, Zn in spinel were determined on the AEI electronprobe, f o l ­
lowing the principles outlined by Reed (1975). In this  case, the accelera­
ting voltage was 30kV, and the beam current 0.8pA. The beam current was 
measured by monitoring aperture current ,  which was found to be somewhat
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unstable, and so the current was ca re fu l ly  recorded fo r  each count.
The standards used were S144/2, a natural o l iv in e  from a Hawaiian 
lh e rz o l i te  inc lus ion , fo r  Ni0; and the synthetic standards MnSiO^, Cr203, 
ZnS, and Co metal. For each spot analyzed an upper background, peak, and 
lower background countrate were measured, over 100 sec. l iv e  time.
In the course of analyzing the 50 samples o f o l iv in e ,  50 spinels and 
several pyroxenes and glasses, the peak positions were adjusted, and count- 
rates fo r  the standards obtained, two or three times fo r  each element.
Operational d i f f i c u l t i e s  were encountered while examining the fo l lo w ­
ing specimens: o liv ines  283, 293, 45185, 51, 52, 53 ( fo r  Cr, Mn, Co, Ni) 
and spinels 282, 283, 284, 285, 288, 292, 293, 45185, 51, 52, 53 ( fo r  Co,
Zn). Both peaks and backgrounds were attenuated, but the peak : background 
ra tios  were unchanged. Hence, i t  was possible to scale up both peak and 
background by whatever fac to r was needed to make the background equal pre­
vious typ ica l background countrates fo r  tha t element. By repeating analyses 
of samples studied before the fa u l t  had occurred, i t  was possible to tes t 
the resu lts  obtained in th is  manner, and good agreement was obtained.
1.3.3 S e n s i t iv i ty ,  Accuracy and Precision 
1.3.3.1 TPD Electron Microprobe
The l im i ts  o f detection fo r  the TPD electronprobe fo r  major and minor 
constituents of the various phases studied here are as fo llows:
NiO .12%
SiO2 ,  A12^3’ MgO, Na20 .10%
MnO .09%
V203, Cr203 .08%
Ti02 .07%
CaO .06%
k2o
L
D
O
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The sources of errors in 'probe analysis are detailed by Reed and 
Ware (1975) and Dunham and Wilkinson (1978).
Sweatman and Long (1969) recommended use of simple oxide and si l icate 
standards, resulting in accuracy of the order of ±2% (Reed and Ware, 1975). 
The la t te r  authors reported precision generally less than ±1.5%.
In most cases, four distinct grains of each phase were analyzed, but 
replicate analyses on the one spot were not made.
1.3.3.2 A.E.I. Electron Microprobe
Counting s ta t is t ics  define the limit of detection as 3o of the back­
ground count, where a, the standard deviation, equals /  number of counts.
It  has already been mentioned that the standards were analyzed two or three 
times each. The largest error in the process seems to be due to the varia­
tion between the number of counts found for the standards from one occasion 
to the next. Each of the standard readings produced a distinct group of 
limits of detection, and so an average was calculated for each.
Table 9 below shows the mean limits of detection (x in ppm) for each 
element, calculated on the basis of several readings of each of the stan­
dards, the relative standard deviation (Sr) at a 2a level of confidence, 
based on analysis at 12 spots on each standard, and the number of times (n) 
the standards were read:
Table 9.
Element x(ppm) Sr(2o,%) n
Co 31.9 ±5.0 2
Cr 45.8 ±23.9 4
Mn 39.4 ±11.5 3
Ni 40.5 ±8.1 2
Zn 35.1 ±19.8 3
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1.4 COMPARISON OF TECHNIQUES
Some samples were analyzed for trace elements by more than one 
method i . e .  'probe and AAS, or 'probe and spectrophotometer. Table 10 
compares the techniques, showing f a i r ly  good agreement except in the case 
of Mn in sp in e l .
A survey of precision and accuracy of data obtained in this  study, 
and a comparison of resu l ts  derived by d i f fe ren t  techniques shows that  the 
errors are within acceptable l im its .
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O liv in e
P
2658 187
2659 173
2660 162
2661 193
2663 179
2665 172
2695 171
268 202
269 174
271 156
267 145
270 207
Orthopyroxene
P
2658 1024
2659 881
2660 1006
2661 922
2663 964
2665 839
C li nopyroxene
P
2658 642
2659 571
2660 589
2661 788
2663 861
2665 837
142
139
136
136
139
136
Ni
P A
671 752
756 755
696 739
696 748
452 896
710 741
Ni
P A
270 399
203 345
248 376
309 352
152 359
374 418
Co
S
162
173
162
166
161
173
A
1004
1041
1010
1023
1032
963
A
553
537
558
534
529
510
140
Spinel
Co Mn Ni Zn
P S P S P S P S
2658 405 464 1408 739 2002 1945 1047 957
2659 381 400 1986 1000 1642 1197 800 715
2660 385 417 1529 909 1710 1422 929 903
2661 437 460 2199 871 1671 1515 1280 933
2663 415 336 2598 1135 1352 832 1056 765
2665 412 323 1710 880 1840 1521 804 853
2695 352 363
TABLE 10 Comparison of d iffe re n t methods of trace  analysis. P represents 
electronprobe analysis; A represents atomic absorption spectro­
photometry; and S, spectrophotometry. All values are in ppm.
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A P P E N D I X  II
ATOMIC ABSORPTION DETERMINATION OF TRACE AMOUNTS OF GERMANIUM 
IN GEOCHEMICAL SAMPLES BY REDUCTION TO THE VOLATILE HYDRIDE
I I .1 INTRODUCTION
Germanium abundances are shown in Table 12 for Type 1 carbonaceous 
chondrites (Wanke e t  a l . ,  1974) and for common types of t e r r e s t r i a l ,  igneous 
rocks (Hörmann, 1970).
Ge(ppm)
Cl 36.5
ul trabasic  rocks i i—* cn
basic rocks .7-3.2
intermediate rocks .6-6.0
gran i t ic  rocks .1-4.7
alkal ic  rocks .9-3.5
TABLE 12 Ge abundances (ppm) in common igneous rock 
types and Type 1 carbonaceous chondrites.
Both the abundance, and dispersion of germanium in t e r r e s t r i a l  igneous rocks 
are low.
Rapid, easy determination of germanium is desirable, so that  large 
numbers of geochemical samples, such as spinel-1herzolites can be accurately 
analyzed, and the low dispersion of th is  element, and important ra t ios  such 
as ^ G e  in the mantle, veri f ied .  Until recently,  however, determination 
of trace amounts of Ge in rocks was not carried out by atomic absorption 
methods, as the sen s i t iv i ty  by conventional, sample solution aspirat ion was 
low (1.5 ^ m l ),  re la t ive  to the abundance of Ge in the samples.
Recently, Pollock and West (1972, 1973); Fernandez (1973) extended 
a reduction process previously used for arsine generation to Bi , Sb, Te, Se 
and Ge. The reduction was achieved by sodium borohydride instead of the
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previous method o f potassium iodide/stannous chloride and zinc powder 
(Dalton and Malanoski, 1971). Atomization o f the v o la t i le  hydride was more 
e f f ic ie n t  and so greater s e n s i t iv i ty  resulted. In add it ion , passing of the 
gas d i re c t ly  in to  the flame avoided matrix e ffe c ts , and was a means of con­
centrating the germanium before analysis. The technique was rapid, cheap, 
and re la t iv e ly  simple to set up.
Although some workers (e.g. Thompson and Thomerson, 1974) used an 
HC1 medium fo r  the sample so lu t ion , and reported l i t t l e  dependency of sensi­
t i v i t y  on acid concentration, others (Pollock and West, 1973; Duncan and 
Parker) used H2S04 and claimed much be tte r absolute s e n s i t iv i t ie s  (40 ng, a 
7-fo ld  improvement on the HC1 medium ).
Duncan and Parker also found tha t in the case o f HC1 the response 
was hard to reproduce, and m u lt ip le  absorption peaks were observed fo r  a l l  
acid concentrations.
Braman and Tompkins (1978) used a 50 ml sample solu tion adjusted to 
pH = 1.5-2.0 by addition of 6 ml of 10% oxa lic  acid. Skogerboe and Bejmuk 
(1977) used 100 ml sample solutions adjusted to pH = 2.0-2.1 with H^SO^.
The amount of sodium borohydride added must be s u f f ic ie n t  to reduce 
a l l  germanium present to the hydride. Generally, an a lka line  so lu tion of 
5% w/v is used (e .g . Duncan and Parker). The small amount o f NaOH prevents 
rapid decomposition of the NaBH^  so lu tion . Duncan and Parker added 5 ml of 
such a so lu tion to a 20 ml sample; Braman and Tompkins (1978) added 2 ml 
portions of 2% NaBH^  to a 50 ml so lu t ion ; and Skogerboe and Bejmuk (1977) 
added two so lid  NaBH^  pe lle ts  to a 100 ml sample so lu tion .
Immediate passage of the GeH^/H2 mixture in to  the flame presents 
some problems: the large volume of H2 evolved can cause d i lu t io n  of the
germane and thus loss of s e n s i t iv i t y ;  and i t  may change the flame s to ich io ­
metry with the same re s u lt ;  t h i r d ly ,  i t  is v i ta l  tha t a l l  the germane be
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passed into the flame immediately, for i f  i t  is only gradual, the PEAK mode 
used on the AAS does not lead to an accurate result for concentration of Ge 
in the sample. An attempt was made to overcome these problems, in the case 
of arsenic and selenium hydrides, by Seimer and Koteel (1977), who froze 
the hydrides in a cold-trap while allowing ^  to pass straight into the 
flame. The hydride was then released by gentle heating. Both Skogerboe 
and Bejmuk (1977) and Braman and Tompkins (1978) used cold-traps in their 
germanium analyses.
Another crit ical factor is the actual design of the apparatus. The 
length, and bore of the connecting tubes, and the size and shape of the 
reaction vessel should ensure rapid hydride generation, and almost 
immediate transport to the flame (unless the gas is trapped and subsequently 
released). I t  is also important that actual sample carry-over is prevented 
e.g. by employing long reaction vessels like the VARIAN Hydride Generation 
accessory.
Three types of carrier gas can be used in conjunction with hydrogen: 
nitrogen, argon or helium. There is no appreciable difference in sensitiv­
i t ies  recorded using nitrogen or argon (Duncan and Parker; Thompson and 
Thomerson, 1974), although nitrogen is by far the cheaper.
Recently, some new methods have been developed by which traces of 
germanium may be determined: Braman and Tompkins (1978) analyzed GeH^  by a 
dc-discharge atomic emission detector, achieving an absolute sensitivity of 
0.4 ng ± 7.1% (relative standard deviation, Sr) for twelve replicate analy­
ses. Robbins et a l . ( 1979) determined Ge and other volatile hydrides by 
microwave-induced plasma atomic-emission spectrometry, detecting down to 
.15 ppb±3.2% (Sr) at 1 yg. Skogerboe and Bejmuk ( 1977) delivered GeH4 to 
a gas chromatograph, achieving 0.3 ng detection limit ±5-10% (Sr).
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11.2 REAGENTS
Reagents fo r  the sample preparation stage are the same as those 
l is te d  in Appendix I ,  but the reagents used in the reduction step are 
l is te d  below:
h2so4 PRONALYS AR grade
NaBH4 MERCK " fo r  synthesis"
NaOH PRONALYS AR grade
Ge Standard Solution : BDH lab. reagent grade
11.3 APPARATUS
A VARIAN TECHTRON AA-6 Atomic Absorption spectrometer, complete 
with BC-6 automatic background correction and Vapour Generation Accessory, 
Model 64. A PYE-UNICAM l in e a r / lo g  recorder was also attached.
11.4 EXPERIMENTAL
The decomposition of s i l ic a te s  was effected by sodium peroxide 
fusion in some cases, and sodium (or potassium) hydroxide fusion in others. 
The reason fo r  th is  was to avoid the r is k  o f v o la t i l i z in g  Ge in the s i l ic a te  
by conversion to GeF4 , which is a p o s s ib i l i ty  with HF decomposition.
N i t r ic  acid, perchloric acid, and any ox id iz ing  agent must be 
absent in the f in a l  solution as they in te r fe re  with the reduction process.
A fte r  fusion in a zirconium cruc ib le , the leachate was evaporated 
to dryness, and q u a n t ita t ive ly  transferred to the hydride generation vessel 
using 10 ml 50% H^SO^. This was then d ilu ted  to about 20 ml. In the case 
of sodium peroxide fusion, care was taken to neutra lize  the leachate, 
decompose a l l  the hydrogen peroxide by b o i l in g ,  and reduce any chromate 
present to Cr ( I I I )  by dropwise addition o f hydrazine hydrate.
Sodium peroxide fusion is preferred as i t  provides a more vigorous 
reaction than NaOH or KOH and i t  does not creep over the edge o f the
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crucible as do the hydroxides.
In setting up the vapour generation accessory, the flame stoichio­
metry and burner position were optimized by aspirating an acidified germ­
anium-rich solution in the normal manner, before analyzing actual sample 
solutions. A nitrogen entrained hydrogen air-flame was used. The nebu­
lizer  was then removed, and the vapour generator attached.
The nitrogen (carrier) gas was diverted through the reaction vessel 
in which the acidified (25% b^SO^ ) sample solution had been placed, purging 
the system of air .  The sample was magnetically stirred to ensure rapid 
reduction of all germanium.
After a 10 sec. wait to allow stabilization, 5 ml of 5% W//v alkaline 
solution of sodium borohydride was injected through a rubber septum. The 
VARIAN TECHTRON vapour generation kit is supposed to provide more or less 
instantaneous hydride generation and passage to the flame, so PEAK mode was 
used to record the absorption peak, with simultaneous background correction 
applied.
I I . 5 RESULTS AND DISCUSSION
Calibration graphs based on measurements of standard germanium solu­
tions in the range 2-26 pg Ge were linear. The experiments were not, how­
ever, reproducible : each line had a different slope.
Poorer precision and sensitivity for germanium relative to the other 
hydride-forming elements have been reported by Fernandez (1973), Pollock and 
West (1973) and Duncan and Parker. The precision achieved in this 
study was even poorer than that mentioned in the li terature : the relative 
standard deviation, Sr = ±18.0%, based on ten replicate analyses.
High blank levels were found. Reagents were tested for germanium
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contamination by plotting concentration Ge versus concentration reagent, 
and varying one reagent at a time. Contamination did not appear, however, 
to be the cause of the problem. Another possibil ity  examined was that 
metallic germanium may have been deposited on the inside of the reaction 
vessel due to GeH^  decomposition, and subsequent addition of blank 
solutions caused revolatil ization of the metal film, as suggested by 
Thompson and Thomerson (1974). Careful cleaning of glass-ware between 
sample readings made no difference to the results, implying that this was 
not the cause of the problem.
A third possibi l ity  is that the PEAK mode may have recorded a base­
line disturbance due to sudden changes in the flame stoichiometry, as a 
large pulse of hydrogen entered the flame along with the germane (Duncan 
and Parker). To test  this theory, the linear/log recorder was set up to 
register the absorption peak on A DAMP mode and PEAK mode (Fig. 13). The 
concentration of Ge in the sample, the acid strength, sodium borohydride 
concentration, flame conditions and burner position were the same in both 
cases.
A DAMP MODE PEAK MODE
time
Fig.  13 Absorption peaks for Ge on A DAMP mode and PEAK mode.
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The record from A DAMP mode shows a sharp in it ial  peak, probably 
due to disturbance of the flame by hydrogen. This is followed immediately 
by a less intense, broader peak which probably represents generation of the 
hydride, which is clearly not so rapid that PEAK mode will approximate peak 
area.
An improvement in sensitivity for covalent hydride measurement has 
been found when collecting the gas rather than passing i t  directly into the 
flame. Previously, this was achieved by f i t t ing  a balloon to the reaction 
vessel (Fernandez, 1973; Schmidt and Royer, 1973; Freeman and Uthe, 1974; 
Kokot, 1976). Another way of collecting the hydride is to set up a cold- 
trap (Siemer and Koteel, 1977; Skogerboe and Bejmuk, 1977; Braman and 
Tompkins, 1978) which freezes out the GeH^ , allows the hydrogen to pass 
straight into the flame, and results in improved sensitivity. In this expe­
riment, a 5 mm o.d. indented, s i l icate  glass U-tube was immersed in liquid 
nitrogen. The result was, in fact , a slightly lowered sensitivity than for 
continuous flow, but this probably reflects loss of germane from the system, 
and indicates that more research was needed into the optimization of condi­
tions such as tube lengths.
In order to faci l i ta te  analysis of samples with germanium abundances 
near or below the limit of detection, a pre-concentration step was attempted. 
From an 8-9 M hydrochloric acid medium, germanium (present as the te tra ­
chloride) is selectively extracted with carbon tetrachloride, as described 
by Sandell (1959). Germanium is subsequently stripped from the organic 
phase, acidified with h^ SO^  to a strength of 25% and transferred to the 
hydride generation apparatus.
The carbon tetrachloride extraction process was successfully tested 
on three standard solutions, giving a linear calibration graph. In the case 
of the sample solutions, however, no germanium showed above the blank level.
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The cause of this problem is unknown, but is most likely to be in the sample 
preparation stage.
Although meaningful results were not obtained in the case of ultra- 
mafic rocks, which have very low abundances of germanium (about 1 ppm), 
some data was collected for the metal phases of two iron meteorites and a 
highly reduced basalt from Disko (Table 13).
This
Work
Literature 
Values
Boxhole 52 ± 13.1 ppm Ge (6) 37 ppm Ge
Kyanatta 41.4 ± 6.8 ppm Ge (8) 40 ppm Ge
Disko 180 ± 34.1 ppm Ge (7)
TABLE 13 Ge contents (ppm) of metal phases in two iron 
meteorites, and metal phase of a highly reduced 
basalt (Disko; supplied by A. Pederson). Num­
bers of analyses in brackets.
I t  is likely that with further investigation, especially in the 
areas of hydride generator design and gas-collection, AAS analysis of Ge 
by reduction to the volatile hydride could be successfully applied to geo­
chemical samples containing traces of this element.
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APPENDIX I I I
SAMPLE LOCALITIES, MODAL AND CHEMICAL ANALYSES 
I I I . I  SAMPLE LOCALITIES
Most samples analysed in t h i s  study were typ i ca l  four -phase ,  Cr- 
d iops ide  bear ing spinel  I h e r z o l i t e  x e no l i t h s .  Below is a l i s t  of  the l o c ­
a l i t i e s  and sample numbers, along wi th the type of  xeno l i t h .  Figure 14 
shows the l oc a t i on s  of  a l l  the Aus t r a l i an  samples.
TABLE 14
1 . 2658 Mt. Shadwell ,  Vic to r i a spinel I h e r z o l i t e
2. 2659 II  II  II II l l
3. 2660 II II  II II l l
4. 2661 II  II  II II l l
5. 2663 II  II II II l l
6. 2665 II II  II II l l
7. 2670 II II  II II l l
8. 2675 II  II  II II l l
9. 2680 l l  II II II l l
10. 2695 Mt. Noorat ,  Vi c t o r i a II l l
11. 268 l l  l l  l l II l l
12. 269 II l l  l l l l l l
13. 281 Lake Bullen Me r r i , Vic to r i a Amphibole-bearing spinel  I h e r z o l i t e
14. 288 II II  l l  II II ll
15. 292 l l  II  l l  II spinel 1h e r z o l i t e
16 293 II  II II  II Amphibol e -bear i  ngspinel 1h e r z o l i t e
17. 271 Mt. Porndon, Vic tor i a spinel I h e r z o l i t e
18. 273 Mt. Leura,  Vic to r i a l l II
19. DR9947 Mt. Frankl in ,  Vic tor i a II l l
20. 272 Mt. Gambier,  S.A. II II
21. 276 Mt. Quincan, Queensland II II
22. 277 Lake Eacham, Queensland II II
23. 279 Main Rds. Quarry,  Char le ton,  Qld. II l l
24. AT-25 G i l l i e s  C ra t e r ,  Queensland II l l
25. CK-32 Mt. Rose, Queensland l l II
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26. H8t Horseshoe Crater, Queensland spinel lhe rzo l i te
27. H 16b Batchelor's Crater,  Queensland II l l
28. H97 Mt. Emu, Queensland II l l
29. IF-25 Innisfail  Quarry, Queensland II l l
30. IF-28 Gregory Falls Quarry, Queensland l l l l
31. J43 b Bombarri Crater, Queensland l l l l
32. M4/81 Mingela Plug 4, Queensland l l II
33. 274 Table Cape, Tasmania l l l l
34. 282 i i  i i  i t l l l l
35. 283 Lietinna Road, Tasmania l l l l
36. 284 i i  i i  i i l l II
37. 285 West Mooreville Road, Tasmania l l l l
38. 2787 Don Heads, Tasmania l l l l
39. 10115 UNE, Armidale, N.S.W. l l l l
40. 53 i i  i i  i i l l l l
41. 51 Round Mt., N.S.W. l l l l
42. 52 Invere l l ,  N.S.W. l l l l
43. 45185 Snowy-Eucumbene Tunnel, N.S.W. l l l l
44. CC3-II Mt. Wayo, N.S.W. l l l l
45. 45162 Besalles, Massif Central,  France l l l l
46. 45163 Rentieres, Massif Central,  France l l l l
47. 45168 Tarreyres, Massif Central,  France l l l l
48. 270 Dreiser Weiher, Germany l l l l
49. 267 San Carlos, Arizona, U.S.A. l l l l
50. LBM-11 Matsoku, Northern Lesotho Garnet Harzburgite
Many of these samples were from private or university  co l lec t ions ,  
and where appropriate , original  sample numbers have been retained:
Professor D.H. Green, University of Tasmania: 2658, 2659, 2660, 2661,
2663, 2665, 2670, 2675, 2680, 2695, 2787.
Mr. F.L. Sutherland and Dr. J.D. Holl is ,  Australian Museum, Sydney: 288,
292, 293, DR9947, 274, 282, 283, 284, 285.
Dr. S.Y. Wass, Macquarie University, N.S.W.: 45185, CC3-II, 45162, 45163,
45168.
3-24
Fig. 14. Australian sample lo c a l i t i e s  1. Mt. Gambier 2. Mt. Shadwell
3. Mt. Noorat 4. Lake Bullen Merri 5. Mt. Leura 6. Mt. Porndon 
7. Mt. Franklin 8. Table Cape 9. Don Heads 10. West Mooreville 
Rd. 11. Lietinna Rd. 12. Snowy-Eucumbene Tunnel 13. Mt. Wayo 
14. Inverell 15. Armidale 16. Round Mt. 17. Main Rds. Quarry, 
Charleton 18. Batchelor's Crater 19. Horseshoe Crater 
20. Bombarri Crater 21. Mt. Emu 22. Mingela Plug 23. Gregory 
Falls Quarry 24. Innisfai l  Council Quarry 25. Mt. Quincan 
26. Lake Eacham 27. Gi l l ies  Crater 28. Mt. Rose.
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RSES Col lec t ion ,  ANU, ACT: 270, LBM-11.
Professor P.J. Stephenson, University of James Cook, Townsvi lle, Qld.: 
AT-25, CK-32, H8t, H16b, H97, IF25, IF28, J43b, M4/81.
Professor J.F.G. Wilkinson, UNE, Armidale, N.S.W.: 51, 52, 53.
Mr. G.E. Halford,  Curator, Geology, ANU, ACT: 10115.
Dr. R.J. Arculus, RSES, ANU, ACT: 267.
Mr. G. Anderson, Quarry Manager, Toowoomba Municipal Quarry, Qld.: 279.
111.2 MODAL ANALYSES
Table 15 deta i ls  the resul ts  of modal analysis fo r  the 50 samples.
There is probably a s ig n i f ic a n t  er ror  in the results obtained by
point counting. In th in section i t  is often very d i f f i c u l t  to d is t inguish
cl inopyroxene from orthopyroxene. Secondly, i t  is possible that  some
grains e.g. spinels, were torn out during th in section preparation.
Th i rd ly ,  there is a s ta t i s t i c a l  problem generated by point counting.
Neil son and Brockman ( 1977) recommend a grid-spacing fo r  point  counting
s l i g h t l y  larger than the largest g ra in-s ize ,  and counting at least 1000
points. The large grain-sizes (>2mm) of  the lh e rzo l i te  xenol i ths makes
•fhouscxnd pöi'nFs were caonfed, u s i <\
th is  out of the question, and so aAmuch smaller spacing .was used (^0.3mm). 
Fourth ly, there are, in some samples, d i s t i n c t  bands of pyroxene- or 
sp in e l - r ich  materia l.  The most extreme case is sample IF28, from Inn is-  
f a i l ,  Queensland. A sp ine l - r ich  pyroxenite layer forms part o f  the rock, 
and the remainder is l h e r z o l i t i c .  In th is  case the modal abundances were 
calculated by hand-separation of about 1000 grains in a l im i ted  size - 
f ra c t ion  of the rock.
Comparison of estimates by point  counting and hand separation with 
visual est imation, resul ts in an average discrepancy of about 10% fo r  o l i ­
vine, 5% fo r  each of the pyroxenes, and 2% fo r  spinels.
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TABLE 15
Sample 
No. 0 1 i vi n e Orthopyroxene Cl inopyroxene Spi nel Garnet Amphibole Gl ass
Textural
Type
2658 61. 6 33. 9 3. 0 1. 5 - - - CE
2659 85. 8 8. 2 4. 6 1.4 - - - CE
2660 81. 5 10.  1 7. 4 1.0 - - - CE
2661 65. 0 32. 0 2. 0 1. 0 - - - CE
2663 84. 8 13 . 1 2. 0 0. 1 - - - CE
2665 30. 9 12.3 6. 6 0 . 2 - - - CE
2670 76. 8 20. 2 1.1 1. 9 - - - CE
2675 79. 0 18.7 2. 0 0 . 3 - - - CE
2680 76. 9 - 12. 7 0 . 2 - - 10. 2 CE
2695 75. 5 17.3 5. 9 1.3 - - - EG
268 56. 9 21. 9 20. 3 0. 9 - - - EG
269 72.2 16.2 9. 9 1.7 - - - CE
281 63. 4 20. 3 9. 9 0. 4 - 6. 0 - CE
288 67. 8 11.4 9. 2 0 . 2 - 11.4 - CE
292 70.  1 19.2 9 . 5 1 . 2 - - - CE
293 81. 8 7.7 6. 4 0. 3 - 3 . 8 - CE
271 83. 6 8.7 6. 1 1. 6 - - -
273 75. 9 18. 8 5. 0 0 . 3 - - - CE
DR9947 61. 4 20. 2 16.4 2. 0 - - - CE
272 48. 2 40. 2 10.4 1 . 2 - - - CE
276 64. 2 19.5 13. 0 3. 3 - - - P
277 68. 7 20. 7 6. 7 3. 9 - - - P
279 79. 6 13.9 5. 6 0. 9 - - - P
AT-25 61. 0 23. 3 13. 8 1. 9 - - P
CK-32 63. 0 21. 6 12. 7 2. 7 - - - CE
H8t 63. 9 23. 7 9. 8 2. 6 - - - P
H 16 b 70.7 11.5 14. 9 2. 9 - - - CE
H97 59 .1 30. 7 5. 8 4. 4 - - - P
I F-25 67.1 25. 2 6. 7 1.0 - - - . TG
1 F-28 58. 2 19. 8 18. 3 3. 7 - - - TG
J43b 63. 5 18.4 17. 7 0. 4 - - - P
M4/81 57. 6 21. 3 19 . 2 1 .9 - - - CE
274 72 . 1 20. 0 6. 4 1 . 5 - - - EG
282 51. 5 28. 9 16. 0 3. 6 - - - EG
283 75. 7 14.8 7 . 2 2. 3 - - - CE
284 54. 9 24 . 1 19 . 5 1 . 5 - - - CE
285 67. 6 22. 5 8.  1 1. 8 - - - TG
2787 62. 8 24. 8 12. 0 0. 4 - - - CE
10115 79. 8 10.7 8. 8 0 . 7 - - -
53 54. 9 31.  3 10. 8 3. 0 - - - CE
51 71. 5 15. 7 12. 2 0. 6 - - - CE
52 60 . 8 24. 0 13. 8 1.4 - - - P
45185 63. 4 26. 4 7 . 7 2 . 5 - - - EG
CC3-11 55. 0 35. 0 8 . 0 2. 0 - - - CE
45162 64. 0 22. 5 10.3 3. 2 - - - EG
45163 54 . 7 26. 5 16. 9 1 . 9 - - - MP
45168 52. 2 32.4 12.7 2 . 7 - - -
270 70.4 22. 8 5. 2 1 . 6 - - - TG
267 75 . 2 15. 9 8. 8 0. 1 - - -
LBM-11 47. 5 47. 0 0. 4 - 5. 0 - - CE
Modal p r o p o r t i o n s  of  maj or  and mi nor  phases  in 50 p e r i d o t i t e  n o d u l e s ,  bas ed on po i n t  c o u n t i n g ,  and manual  
s e p a r a t i o n  of  phas es .  Tex t u r a l  t ypes  f o l l o wi n g  Ha r t e  ( 1975) :  c o a r s e  equa n t  ( CE) , p o r p h y r o c l a s t i c  ( P) ,
m o s a i c - p o r p h y r o d  a s t  i c (MP),  e quan t  g r a n u l ob 1 a s t i c  (EG) and t a b u l a r  g r a n u 1 ob 1 a s t i c  (TG).
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Another way of testing the modal analyses is by comparison of total 
rock data, calculated from mineral analyses and modal proportions, with 
glasses prepared by iridium-strip melting of the lherzolite samples.
Some s i l i c ic  acid was added to the samples to prevent recrystal 1iza- 
tion of residual phases e.g. spinel during quenching, and thus produce an 
homogeneous glass. Table 20 compares the whole rock data obtained by the 
two methods for 12 samples. The remaining whole rock data were obtained 
only by mineral plus modal data.
The results show reasonable agreement between the two techniques, 
especially considering the limitations of modal analysis, and the certain 
amount of heterogeneity of glasses.
I I I . 3 CHEMICAL ANALYSES
Results of chemical analyses by electron microprobe, AAS and spec­
trophotometry for glasses synthesized from the whole rock, olivine, ortho­
pyroxene, clinopyroxene, spinel, garnet, amphibole, phlogopite, and s i l i ­
cate glass inclusions are shown in Tables 16 to 21.
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APPENDIX IV
GEOTHERMOMETRY AND GEOBAROMETRY OF LHERZOLITES
The temperatures at which the lh e rzo l i te s  la s t  equ il ib ra ted were ca l­
culated using four d i f fe re n t  geothermometers:
1. Wood and Banno (1973):
-10202
T(UK) = ,cpx
1n Mg2 S i20e
opx
Mg2S i206
7.65.X°px + 3.88(X°px) 2- 4.6
Mori and Green (1975):
104
T( K) = , „M2
0.413 l r r 'n g  •
(XM2 U Mg •
yMl\Cpx 2 , M2 yM1\cpx
AMg' - 0.0234.In u Mg * AMg; + 5.61
YM1\opx . M2 MlxOpx
AMg' u Mg * AMgj
Herzberg and Chapman (1976):
104
t ( ° k) = r j f r
-1 .083 .In L*Ca • MIN(XA1,XA1)]CPX- [(XM9)2]01 + 4 -80
<xCa • XM g ) C P X - [XMg.(XAl)2] Sp
where MIN(X^j xJ-j) e the minimum of X ^  and xJ-j in cpx.
Obata (1976):
104
T(°K) = ryM2
-2.061.In LAMg . MIN(X^j>xJ1) ] 0px.[(XMg)2] 01 +3.454
(XM2U Mg . X p opx. [XMg. (XA1 ) 2] Sp
where MIN(X^j X ^ ) = the minimum of X^j and xJ-j in opx.
The a c t iv i t ie s  fo r  Mg2Si206 in the pyroxenes were calculated fo l lo w ­
ing Wood and Banno (1973). Using the method deta iled by Powell (1978) did 
not produce s ig n i f ic a n t ly  d i f fe re n t  resu lts .
The a c t iv i t y  of MgAl204 in spinel was found by calcu la ting
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A B1 2 A
aMgAl 204 = XMg^ XAl  ^ w^ ere xjv]g 1S the mole fraction of Mg on the tetrahed-
B1ral s i t e ,  A; and is the mole fraction of A1 on the octahedral s i t e ,  B, 
available after subtraction of charge-balanced magnetite and ulvöspinel 
components, as outlined by Arculus and Wills (in prep.).
Pyroxenes and spinel are assumed to be ideal solutions, and Mg and
2 +Fe are assumed to mix randomly on M2 and Ml.
There is fa ir ly  good agreement between the four methods used here, 
although the Herzberg and Chapman (1976) geothermometer produced tempera­
tures which are in most cases about 200°C higher than the others.
Samples from the same area give fairly consistent temperatures for 
each geothermometer.
An attempt was made to calculate pressures using the Herzberg (1978) 
geobarometer. The temperatures used were those calculated by the Wood and 
Banno (1973) and Herzberg and Chapman (1976) methods. The pressure values 
obtained were, however, unreasonably low or high, depending on the temper­
ature.
Table 22 l i s t s  the temperatures obtained by the four geothermometers, 
along with the type of texture for each Iherzolite xenolith.
Figure 7 shows temperature versus MgO.
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TABLE 22
Sample
No. Wood & Banno Mori & Green Herzberg & Chapman Obata
Textural
Type
2658 1010°C 864°C 1139°C 885°C CE
2659 1023 873 1247 968 CE
2660 1038 902 1213 942 CE
2661 1024 881 1206 915 CE
2663 1063 946 1265 962 CE
2665 1010 846 1176 974 CE
2670 1043 901 1305 1111 CE
2675 981 807 1290 1092 CE
2680 - - 1731 - CE
2695 1080 1002 1284 1105 EG
268 1165 1174 1345 1163 EG
269 944 745 1171 1083 CE
281 937 735 1318 1237 CE
288 958 817 1323 879 CE
292 989 828 1255 977 CE
293 953 773 986 741 CE
271 1083 999 1277 1092 P
273 987 826 1190 1021 CE
DR9947 1042 946 1123 975 CE
272 1004 873 1226 1083 CE
276 1059 1002 1261 1024 P
277 1083 1049 1273 1098 P
279 1038 960 1254 967 P
AT25 1045 972 1221 964 P
CK32 948 803 1236 994 CE
H8t 1159 1169 1355 1284 P
H 16b 990 889 1210 1037 CE
H97 1094 1062 1261 1102 P
IF25 1098 1018 1135 948 TG
IF28 1097 1040 1267 1120 TG
J43b 1149 1106 1178 1069 P
M4/81 1041 971 1208 1009 CE
274 1077 997 1198 1048 EG
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Sample
No. Wood & Banno Mori & Green Herzberg & Chapman Obata
Textural
Type
282 1083°C 991°C 1108°C 859°C EG
283 949 780 1199 996 CE
284 967 817 1181 1007 CE
285 1009 879 1271 1027 TG
2787 958 794 1217 1019 CE
10115 1132 1085 1346 998 P
53 1007 892 1293 995 CE
51 986 844 1208 1032 CE
52 1063 991 1223 1062 P
45185 1094 1028 1253 998 EG
CC3-II 1029 929 1255 1046 CE
45162 937 745 1224 1017 EG
45163 1111 1061 1256 981 MP
45168 1078 1017 1290 1077 P
270 1111 1066 1315 1006 TG
267 1098 1026 1170 908 P
LBM-11 1082 964 _ _ CE
Temperatures of equil ibra t ion of Iherzol i tes (in °C) calculated using four 
d if fe ren t  geothermometers (Wood and Banno, 1973; Mori and Green, 1975; 
Herzberg and Chapman, 1976; Obata, 1976). Textural c la ss i f ica t ion  of xeno- 
l i th s  based on Harte (1977) : CE = coarse equant, P = porphyroclast ic ,
MP = mosaic - porphyroclast ic , EG = equant granulo b la s t i c , TG = tabular 
granuloblastic.
